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Preface 


Despite the relatively high incidence of compartment syndrome and the fairly dis- 
mal outcomes, this condition remains poorly studied and understood. While the 
pathophysiology seems to be clear, an absolute diagnosis is at times virtually impos- 
sible. The conundrum of the timing of onset of symptoms and of the relationship 
between level of pain, symptoms, signs, and microscopic changes within the com- 
partment remains a mystery. The aim of our open-access text was to review this 
condition to answer simple questions pertinent to compartment syndrome. We have 
gathered a group of experts in the field to provide an easily downloadable and acces- 
sible series of chapters. The book covers topics ranging from diagnosis to treatment 
and outcomes. We use the same format in each chapter to enhance the readers’ 
experience. We hope that you will enjoy and learn. The open-access format will 
make this work available to low- and middle-income countries where surgeons do 
not always have the resources to fund such material. 

We dedicate this work to our hardworking residents and fellows, without whom, 
our daily activities would not be as stimulating as they are. 


Denver, CO, USA Cyril Mauffrey 
Sanford, FL, USA David J. Hak 
New Orleans, LA, USA Murphy P. Martin II 


Acknowledgments 


We want to acknowledge our funding body AO North America for making this proj- 
ect possible. 


Contents 


1 Diagnostic Dilemma for the Orthopedic Surgeon ................ 
Michael Maher and Cyril Mauffrey 


2 Legal Aspects of Compartment Syndrome...................... 
Milton T. M. Little, Carol A. Lin, and Mark S. Vrahas 


3 Pathophysiology of Compartment Syndrome ................... 
Geraldine Merle and Edward J. Harvey 


4 Determining Ischaemic Thresholds Through Our Understanding 
of Cellular Metabolism. ............0 00.0000... ccc cece e eee eee 
Alan J. Johnstone and Derek Ball 


5 Pressure Measurement: Surrogate of Ischaemia................. 
Andrew D. Duckworth, Charles M. Court-Brown, 
and Margaret M. McQueen 


6 Limitations of Pressure Measurement .......................0. 
David J. Hak and Cyril Mauffrey 


7 Fasciotomy: Upper Extremity ................ 0.00.00. e ee eee ee 
Kyros Ipaktchi, Jessica Wingfield, and Salih Colakoglu 


8 Compartment Syndrome of the Lower Extremity................ 
Cody M. Tillinghast and Joshua L. Gary 


9  Fasciotomy Wound Management ....................-00-00 00 
Vasilios G. Igoumenou, Zinon T. Kokkalis, 
and Andreas F. Mavrogenis 


10 Foot Compartment Syndrome Controversy..................... 
Julian G. Lugo-Pico, Amiethab Aiyer, Jonathan Kaplan, 
and Anish R. Kadakia 


11 Management of Missed Compartment Syndrome................ 
Douglas W. Lundy and Jennifer L. Bruggers 


12 


14 


15 


16 


17 


Compartment Syndrome Due to Patient Positioning ........... 


Sascha Halvachizadeh, Kai Oliver Jensen, and Hans-Christoph Pape 


Acute Compartment Syndrome in Children .................. 


David J. Hak 


Compartment Syndrome in Polytrauma Patients .............. 


Christopher Lee and Robert V. O’ Toole 


Unusual Presentation of Compartment Syndrome ............. 


Ioannis V. Papachristos and Peter V. Giannoudis 


Common Misperceptions Among Health-Care Professionals. ... . 


Joshua A. Parry 


Novel Modalities to Diagnose and Prevent Compartment 


MVIMIFOME. ,wecigertta sei ligatiacue teeta ATT keg i eng 


Andrew H. Schmidt 


Contents 


Contributors 


Amiethab Aiyer, MD University of Miami Hospital, Department of Orthopedic 
Surgery, Miami, FL, USA 


Derek Ball, BSc (Hons), PhD School of Medicine, University of Aberdeen, 
Medical Sciences and Nutrition, Aberdeen, Aberdeenshire, UK 


Jennifer L. Bruggers, MD Resurgens Orthopedics, Atlanta, GA, USA 


Salih Colakoglu, MD Plastic Surgery Department, University of Colorado, 
Aurora, CO, USA 


Charles M. Court-Brown, MD, FRCS (Ed), Orth University of Edinburgh, 
Edinburgh, UK 


Andrew D. Duckworth, Bsc, FRCS Edinburgh Orthopedic Trauma Unit, Royal 
Infirmary of Edinburgh, Edinburgh, UK 


Joshua L. Gary, MD University of Texas Health Science Center at Houston, 
McGovern Medical School, Department of Orthopedic Surgery, Houston, TX, USA 


Peter V. Giannoudis, BSc, MB, MD, FRCS, FACS Academic Department of 
Trauma and Orthopedics, School of Medicine, University of Leeds, NIHR Leeds 
Biomedical Research Center, Chapel Allerton Hospital, Leeds Teaching Hospitals 
NHS Trust, Leeds, UK 


David J. Hak, MD, MBA Hughston Orthopedic Trauma Group, Central Florida 
Regional Hospital, Sanford, FL, USA 


Sascha Halvachizadeh, MD University Hospital Zurich, Trauma Department, 
Zurich, Zurich, Switzerland 


Edward J. Harvey, MD, MSc, FRCSC McGill University, Michal and Renata 
Hornstein Chair in Surgical Excellence, Montreal General Hospital, Montreal, QC, 
Canada 


xi 


xii Contributors 


Vasilios G. Igoumenou, MD First Department of Orthopedics, National and 
Kapodistrian University of Athens, School of Medicine, Athens, Attica, Greece 


Kyros Ipaktchi, MD, FACS Orthopedic Department, Denver Health Medical 
Center, Denver, CO, USA 


Kai Oliver Jensen, MD University Hospital Zurich, Trauma Department, Zurich, 
Zurich, Switzerland 


Alan J. Johnstone, MB, ChB, FRCSE (Orth) Aberdeen Royal Infirmary & 
University of Aberdeen, Orthopedic Trauma Unit, Aberdeen, Grampian Region, UK 


Anish R. Kadakia, MD University of Miami Hospital, Department of Orthopedic 
Surgery, Miami, FL, USA 

Northwestern University, Northwestern Memorial Hospital, Chicago, IL, USA 
Jonathan Kaplan, MD University of Miami Hospital, Department of Orthopedic 
Surgery, Miami, FL, USA 

Orthopedic Specialty Institute, Orange, CA, USA 


Zinon T. Kokkalis, MD Department of Orthopedics, University of Patras, Patras, 
Achaia, Greece 


Christopher Lee, MD R Adams Cowley Shock Trauma Center, Department of 
Orthopedic Surgery, Baltimore, MA, USA 

Virginia Commonwealth University, Department of Orthopedic Surgery, Trauma, 
Richmond, VA, USA 


Carol A. Lin, MD, MA Cedars-Sinai Medical Center, Department of Orthopedic 
Surgery, Los Angeles, CA, USA 


Milton T. M. Little, MD Cedars-Sinai Medical Center, Orthopedic Surgery 
Department, Cedars-Sinai Orthopedic Center, Los Angeles, CA, USA 


Julian G. Lugo-Pico, MD University of Miami Hospital, Department of 
Orthopedic Surgery, Miami, FL, USA 


University of Miami/Jackson Memorial Hospital, Miami, FL, USA 
Douglas W. Lundy, MD, MBA, FACS Resurgens Orthopedics, Atlanta, GA, USA 


Michael Maher, MD Denver Health Medical Center, Department of Orthopedic 
Trauma, Denver, CO, USA 


Cyril Mauffrey, MD, FACS, FRCS Department of Orthopedic Surgery, Denver 
Health Medical Center, Denver, CO, USA 


Andreas F. Mavrogenis, MD First Department of Orthopedics, National and 
Kapodistrian University of Athens, School of Medicine, Athens, Attica, Greece 


Margaret M. McQueen, MD, FRCSEd(orth) University of Edinburgh, 
Edinburgh, UK 


Contributors xiii 


Geraldine Merle, PhD Montreal General Hospital, Montreal, QC, Canada 


Sean Morell, MD Orthopedic Department, University of Colorado, Aurora, CO, 
USA 


Robert V. O’ Toole, MD, MS R Adams Cowley Shock Trauma Center, Department 
of Orthopedic Surgery, Baltimore, MA, USA 


Ioannis V. Papachristos, MD, MSc Leeds Teaching Hospitals NHS Trust, 
Department of Trauma and Orthopedics, Leeds General Infirmary, Leeds, UK 


Hans-Christoph Pape, MD, FACS University Hospital Zurich, Trauma 
Department, Zurich, Zurich, Switzerland 


Joshua A. Parry, MD, MS Denver Health Medical Center, Department of 
Orthopedics, Denver, CO, USA 


Andrew H. Schmidt, MD University of Minnesota, Minneapolis, MN, USA 
Department of Orthopedic Surgery, Hennepin Healthcare, Minneapolis, MN, USA 


Cody M. Tillinghast, MD University of Texas Health Science Center at Houston, 
McGovern Medical School, Department of Orthopedic Surgery, Houston, TX, USA 


Mark S. Vrahas, MD, MHCDS Cedars-Sinai Medical Center, Department of 
Orthopedic Surgery, Los Angeles, CA, USA 


Jessica Wingfield, MD Orthopedic Department, University of Colorado, Aurora, 
CO, USA 


Chapter 1 A 
Diagnostic Dilemma for the Orthopedic gete 
Surgeon 


Michael Maher and Cyril Mauffrey 


Background 


. Compartment syndrome is associated with serious long-term morbidity. 

. Appropriate treatment is invasive and involves its own risks. 

. The presentation of compartment syndrome is variable. 

. The diagnosis of compartment syndrome relies largely on clinical findings. 

. Pressure monitoring may provide supplemental but imperfect diagnostic 
guidance. 


Ab WN 


The diagnosis and management of compartment syndrome represents a dilemma 
for clinicians. A major cause of concern in treating compartment syndrome is the 
potentially devastating outcome if not treated effectively. Compartment syndrome 
results in ischemia within a fascial compartment that eventuates into necrosis of the 
tissues it encompasses. Sequelae of missed compartment syndrome include loss of 
function, contracture of joints, limb deformity, and painful neuropathies [1, 2]. 
These complications persist and significantly reduce quality of life. In light of this, 
the timely diagnosis and treatment of compartment syndrome is a focus of orthope- 
dic surgery training. However, an inconsistency in practice remains. O’ Toole et al. 
[3] demonstrated a wide variation between orthopedic surgeons, even within a sin- 
gle practice of orthopedic trauma specialists at a level I trauma center. A diagnostic 
rate of compartment syndrome for tibia fractures ranged from 2% to 24% depend- 
ing on the surgeon who was on call. This demonstrates the lack of consensus and 
clarity with regard to diagnosis. 
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The prognosis is grave in cases of missed compartment syndrome, but there are 
even severe repercussions for a diagnosis delayed by a matter of hours. If the treat- 
ing surgeon correctly recognizes compartment syndrome, but attempts late release 
of the fascia over a necrotic compartment, the patient is subject to a high risk of 
infection and life-threatening complications [4]. Sheridan and Matsen report an 
infection rate of 46%, and an amputation rate of 21% after fasciotomy was delayed 
by 12 hours [5]. Only 2% of those patients treated on a delayed basis had a normal 
functioning extremity at final follow up, compared to 68% in those treated earlier. 
Reperfusion after severe muscle necrosis may further increase systemic effects. As 
myonecrosis develops and reperfusion is achieved, myoglobin is released into cir- 
culation, further contributing to myoglobinuria, metabolic acidosis, and hyperkale- 
mia. This may lead to renal failure, shock, and cardiac events [6, 7]. Although fascial 
release is the appropriate treatment of acute compartment syndrome, clinicians 
must be aware of the dangers of late surgical intervention. 

In addition to the serious consequences of missed or delayed treatment of acute 
compartment syndrome, clinicians and patients may face complications even in the 
setting of treatment with the correct technique and timing. A retrospective study 
looking at the long-term outcomes of fasciotomy placement by Fitzgerald et al. does 
not convey a completely benign procedure [8]. Reviewed outcomes of 164 patients 
over an 8-year period showed pain (10%), altered sensation (77%), dry skin (40%), 
pruritis (33%), discoloration (30%), swelling (13%), and muscle herniation (23%). 
Scarring of the extremities caused patients to keep extremity covered (23%), 
changed hobbies (28%), and even changed occupation (12%). Fasciotomy sites may 
also require the patient to undergo multiple interventions of attempted wound clo- 
sure or grafting. In the setting of operative fractures, the placement of fasciotomy 
incisions may complicate surgical approach and increase risk of infection and non- 
union of fracture sites. 

In addition to the issues relating to the morbidity, complications, and time pres- 
sure of compartment syndrome, the diagnosis itself is rarely straightforward. 
Patients may present following a typical injury and exhibit classic symptoms, but 
they will likely include a constellation of positive and negative findings. The diag- 
nostic dilemma of acute compartment syndrome is always present because it is a 
clinical diagnosis. The classic signs and symptoms of acute compartment syndrome 
are often listed as the 5 or 6 “Ps” including some variation of pain, pressure, pulse- 
lessness, paralysis, paresthesia, and pallor [1, 2, 5, 9]. Early descriptions of diagno- 
sis of compartment syndrome begin with those of ischemic contracture in the upper 
extremity by Volkmann, followed by more recent observations in the lower extrem- 
ity, such as those described by Seddon [1]. However, while describing the diagnos- 
tic “Ps” of compartment syndrome, Seddon noted that they were absent in over half 
of the cases he reviewed [10]. These diagnostic findings may simply be unavailable 
in a timely manner. Pain out of proportion or in response to passive stretch may be 
an early indicator for compartment syndrome, but is unreliable in cases where a 
patient is obtunded or experiencing a neural deficit. Other signs, such as pallor or 
paralysis, may be delayed to the point of being useless. 
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The pressure gradient within the fascial compartment exceeds perfusion pres- 
sure in order for compartment syndrome to set in. It is not often possible to specify 
when this threshold is reached, but we do know that the clinician only has a limited 
amount of time by that point. This threshold and the amount of time before irre- 
versible damage is done has been a focus of study. A clear relationship between 
compartment pressure and blood pressure has been established with the use of 
animal models and observations of intra-compartmental pressures, tissue histol- 
ogy, oxygenation, and magnetic resonance spectroscopy [11, 12]. A study by 
Heckman et al. documented complete irreversible ischemic infarction of skeletal 
muscle by inducing elevated intra-compartmental pressures for 8 hours [8]. 
Variable recovery may be expected with earlier intervention. The threshold at 
which ischemia begins is difficult to predict. It may coincide with the traumatic 
event or set in insidiously. McQueen et al. [13] reported the average treatment of 
compartment syndrome 7 hours after manipulation and fixation in 13 cases with 
continuous monitoring and a delayed onset as late as 24 hours postoperatively. A 
late-onset variety of compartment syndrome has been reported as late as 4 days 
after an inciting event [6, 14]. 

Another factor adding to diagnostic difficulty of compartment syndrome is the 
myriad of injuries and conditions that may precede its onset. A classic scenario of 
acute compartment syndrome in the lower extremity is the result of a closed tibial 
shaft fracture [2, 15, 16]. However, compartment syndrome may develop with a 
huge variety of situations. Possible etiologies may include open and closed frac- 
tures, vascular injury, burns, intravenous access leakage, contusion, coagulopathies, 
constrictive dressing, patient positioning during surgery, drug overdose or animal 
bites [17]. Therefore, clinicians cannot rely on specific presentation factors to rule 
out developing compartment syndrome. The most common causes of acute com- 
partment syndrome, as described in a series presented by McQueen et al. [18], was 
fracture (69%) followed by soft tissue injury without fracture (23.2%). The most 
common fractures observed were tibial diaphysis (36%) and distal radius (9.8%). 

Compartment syndrome is a stressful situation for the patient and clinician. 
There exists a combination of significant morbidity, risks of invasive intervention, 
time limitations, and variations in presentation. Unfortunately, there is also the 
awareness that compartment syndrome and its sequelae are the source of a signifi- 
cant amount of litigation [19-21]. The prospect of undergoing a medical malprac- 
tice claim or suit is daunting and can be especially draining for physicians 
unaccustomed to the medicolegal process. It will likely create a significant cost in 
time, energy, finances, and emotional burden [22]. Orthopedic surgeons are a medi- 
cal specialty at relatively higher risk of encountering medicolegal claims [23]. 
Given the high morbidity to patients, awards for plaintiffs or settlements may be 
large. One national database review of suits involving compartment syndrome found 
an average award for settlements out of court to be over 1 million dollars and aver- 
age verdict awards for plaintiffs to be over 2 million dollars [17]. A review of claims 
involving compartment syndrome by Bhattacharyya and Vrahas found the average 
time commitment to resolve a claim to be 5.5 years [17]. 
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Recommendations 


The diagnosis of compartment syndrome is largely based on clinical judgment, his- 
tory, and physical exam. Patient history in regard to mechanism of injury may be 
helpful in identifying factors that would increase risk of soft tissue injury such as 
crushing or high energy trauma. History may also include other medical risk factors 
such and coagulopathies or infusion injury. Findings on the exam typically focus on 
the presence of pain, pressure, pulselessness, paralysis, paresthesia, and pallor. 
These findings are especially instructive if they correspond to a specific compart- 
ment in question. The presence of firmness versus compressibility of a compartment 
is advantageous as it does not require consciousness or cooperation of a patient and 
may be the earliest manifestation of compartment syndrome. It is important to note 
that acute compartment syndrome is not a static process and cannot be adequately 
ruled out in a suspected case based on a single evaluation. Rather, it is advisable to 
include serial examinations, typically spaced 1-2 hours apart to ensure any changes 
may be detected and addressed in a timely manner [16]. 

Measurement of compartment pressures can be a useful tool in situations where 
the clinical picture is muddled. There are multiple techniques described for pressure 
monitoring, including slit catheter, wick catheter, infusion, and side port needle 
devices. Commercially available side-port needle devices have gained popularity 
with their ability to measure multiple compartments and ease of use [8, 14]. As the 
development of ischemia is dependent upon a differential between compartment 
pressure and perfusion pressure, the threshold at which compartment pressures 
should be considered dangerous is often described in comparison to diastolic pres- 
sures. This differential, commonly described as AP, was described in canine models 
with a critical pressure being within 20 mmHg of diastolic pressure, resulting per- 
manent abnormalities noted in muscle tissue. In a prospective study, McQueen and 
Court-Brown observed 116 patients with tibial diaphyseal fractures who underwent 
continuous anterior compartment pressure monitoring for 24 hours [24]. They noted 
absolute pressures reaching as high as 50 mmHg in multiple patients, but only three 
met a fasciotomy threshold criteria of AP less than 30 mmHg. No other patients 
were noted to develop compartment syndrome, resulting in a AP less than 30 mmHg 
being widely accepted as a threshold for surgical intervention. 


Limitations and Pitfalls 


Although clinical findings are important in diagnosis of acute compartment syn- 
drome, the predictive value of individual findings is low. One analysis of 4 prospec- 
tive studies involving 132 cases of compartment syndrome found that the positive 
predictive value of individual findings such as pain, paresthesia, and paresis was low 
at 11-15%, but the likelihood of successful diagnosis did increase with multiple 
clinical findings. However, the negative predictive value was as high as 98% [25]. 
Therefore, the presence of individual clinical findings was not as useful as noting 
the absence of such findings, to rule out the presence of compartment syndrome. 
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The use of local nerve blocks, epidural or regional anesthesia, is not recommended 
in the setting of possible compartment syndrome. Local anesthetics may mask pain 
from increasing compartment pressures or neurologic symptoms that would usually 
alert clinicians [26]. Additionally, the use of epidural anesthesia may increase the risk 
of developing compartment syndrome as sympathetic blockade will increase local 
blood flow and possibly exacerbate intracompartmental pressure increases [27, 28]. 

In situations where clinical findings of compartment syndrome may be unreli- 
able, needle compartment pressure monitoring is often useful to evaluate an impend- 
ing compartment syndrome. In these cases, a AP less than 30 mmHg will indicate 
the possible need for fasciotomy. However, compartment pressure monitoring is not 
a panacea for challenging clinical scenarios. As demonstrated by Heckman et al., 
compartment pressures taken from a few centimeters away from fracture site yield 
unreliable results [15]. One study observing 48 consecutive patients with tibial shaft 
fractures who were not suspected of developing compartment syndrome underwent 
pressure measurement of all four lower leg compartments [29]. There was an 
observed false-positive rate of 35% with the standard threshold of AP less than 
30 mmHg. Depending upon a single compartment pressure as a sole criteria of sur- 
gical intervention would therefore result in unnecessary surgery and morbidity. This 
reinforces the necessity of clinical observations and judgment that provide context 
and correct diagnosis compartment syndrome. 


Future Directions 


The goal of future improvements in the diagnosis of compartment syndrome will 
obviously focus on increased accuracy, speed, and ease of diagnosis. The current 
state of practice requires clinical judgment resulting from experience and training. 
Although the use of pressure monitoring provides a more objective finding, it is a 
technique that is dependent upon technique and a limited understanding of the 
threshold of ischemic changes within extremities. Other modalities to better predict 
and measure intracompartmental pressures will likely improve our ability to diag- 
nose and treat compartment syndrome. 


Take-Home Message 

The diagnosis and management of suspected compartment syndrome is a trou- 
bling situation for any clinician. The risks for long-term morbidity are present 
even with the most attentive and thorough evaluation. One must be suspicious 
not only in cases of high-energy trauma and crush injuries but also in unusual 
circumstances when patients show concerning signs of pressure and pain. The 
use of compartment pressure monitoring is a useful supplemental tool, but 
surgeons should be hesitant to base management solely on a single pressure 
measurement. Clinical judgment and close monitoring are the best tools we 
have to treat patients presenting with suspected compartment syndrome. 
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Chapter 2 A 
Legal Aspects of Compartment Syndrome gss 


Milton T. M. Little, Carol A. Lin, and Mark S. Vrahas 


Objectives 

e Understand the relationship between malpractice and orthopedic surgery 

e Recognize the medicolegal implications of missed compartment 
syndrome 

e Understand factors which contribute to indemnity payments with acute 
compartment syndrome 

e Discuss methods of avoiding compartment syndrome-related litigation 


Introduction 


Acute compartment syndrome is one of the few orthopedic emergencies requiring 
urgent evaluation and intervention. The sequelae of missed compartment syndrome 
include loss of limb, kidney failure, sepsis, and death [1-3]. As such, early evalua- 
tion of patients is essential for adequate care and treatment. This chapter will dis- 
cuss the medicolegal aspects of the treatment of compartment syndrome and its 
associated complications. There is a paucity of orthopedic research evaluating the 
factors that lead to malpractice claims and indemnity payments in acute compart- 
ment syndrome cases. Despite this, it is essential to thoroughly examine the avail- 
able data and provide guidelines for the care of these complex patients. 
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The objectives of this chapter are as follows: 


1. To understand the relationship between malpractice claims and orthopedic 
surgery 

2. To recognize the medicolegal implications of a missed compartment 
syndrome 

3. To understand the factors that contribute to malpractice claims and indemnity 
payments 

4. To develop a method of patient evaluation to limit the risks of missed compart- 
ment syndrome and avoid compartment syndrome-related litigation 


Malpractice and Orthopedics 


7.6% of all physicians have been named in a malpractice claim in their careers, 
while 1.6% of physicians have been named in a claim leading to an indemnity pay- 
ment. Orthopedic surgery is one of top five specialties facing malpractice claims 
each year [4]. In an analysis of malpractice claims between 1991 and 2005, ortho- 
pedic surgeons faced 14% of all malpractice claims during that time period. 
Neurosurgery was the specialty with the highest number of claims (i.e., 19.1%). The 
mean indemnity payment for the orthopedic surgery claims has been anywhere from 
$136,000 to $460,000 [5-7]. For those specialties in the top five, it is estimated that 
99% of all physicians will face a malpractice claim by the time they reach the age 
of 65. Those numbers can lead to significant physician anxiety regarding the risks 
associated with patient care. Despite the large number of claims, surgeries, and pos- 
sible outcomes, nearly 75% of the orthopedic malpractice claims rule in favor of the 
physician [4]. 

These are a few specific terms to keep in mind when discussing malpractice [8]: 


e Medical negligence: The breach of duty of care owed by a doctor to a patient that 
results in damage 

e Standard of care: The level of care and skill in treatment that, under the circum- 
stances, is recognized as acceptable and appropriate by reasonably prudent simi- 
lar healthcare providers. 

e Breach of duty: The doctor fails to work up to the standard of skill required by 
the law. 


Five factors must be present for a malpractice claim to be ruled in favor of the 
plaintiff: 


1. One must prove that a physician-patient relationship existed. 

2. There must have been a deviation from the standard of care during the treatment 
of the patient. 

3. The patient must sustain an injury or poor outcome as a result of a deviation from 
that standard of care. 

4. The actions of the physician must be proven to be the cause of the injury [7]. 
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The number of malpractice claims filed per year has continued to rise steadily in 
Canada, United States, and England [9, 10]. Additionally, significant increases in 
the sizes of indemnity payments have led to an increased need for malpractice insur- 
ance for physicians. One UK hospital found an approximately £40 million increase 
in payments for negligence between 2006 and 2007 [9]. 

The increasing number and size of claims has led to increased cost for malprac- 
tice insurance which, in turn, has created cyclic crises in the medical field. The 
United States has faced three serious malpractice crises in the last 50 years [11]. In 
the 1970s, a crisis availability occurred as an exodus of malpractice insurers became 
rampant due to the growing numbers of payments. In the 1980s, there was a crisis 
of affordability as the malpractice insurers increased premiums making them too 
expensive for some physicians. In the early 2000s, there was a crisis of affordability 
and availability caused by the departure of several major insurers, leading physi- 
cians to turn to prohibitively expensive state-sponsored Joint Underwriting 
Associations as a last resort. It has been hypothesized that this most recent crisis 
was caused in part by increased payments, increased frequency of claims, aggres- 
sive trial lawyers, and changing public perceptions of medicine in which patients 
expect perfection [11]. 

All of these factors have altered the way physicians are treating patients. A sur- 
vey assessment of orthopedic surgeons showed that 96% of orthopedic surgeons 
practice defensive medicine by ordering imaging, lab test, and referrals or even 
admitting patients to the hospital to avoid the risk of a malpractice. Additionally, 
they reported that approximately 24% of all their tests were ordered as defensive 
measures and resulted in nearly $2 billion annually [12]. 

A comparison of the cost between orthopedic trauma surgeons and other subspe- 
cialties showed that orthopedic trauma surgeons utilize resources for defensive pur- 
poses slightly less than their counterparts (20.3% vs 23%). This comparison still 
resulted in nearly $7800 per month and $256.3 million per year. Additionally, it was 
noted that nearly 70% of physicians actually reduced the number of high-risk 
patients that they accepted into their practice over the last 5 years [13]. It is in this 
complex climate that we must assess the medicolegal implications compartment 
syndrome. 


Acute Compartment Syndrome and Malpractice 


Most analyses of malpractice are performed on closed claims from the state, high 
volume malpractice insurances, or large-scale databases (national and interna- 
tional). These studies allow one to assess the number of malpractice claims filed 
for acute compartment syndrome as well as analyze the indemnity payments and 
the factors leading to the specific ruling in many of the cases. Unfortunately, 
these closed claim analyses do not provide us with the total number of cases of 
acute compartment syndrome per year. Therefore, it is difficult to truly assess the 
risk of facing a malpractice claim in all cases of compartment syndrome. A 
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closed claim analysis performed by Bhattacharyya demonstrated an annual 
0.002% claims of practice per orthopedic surgeon [7]. 

Examination of the defendants in the acute compartment syndrome claims pro- 
vides some insight into the causes of these claims. When evaluating acute traumatic 
compartment syndrome, traumatologists were the most commonly named defen- 
dants, but when evaluating elective surgery, vascular surgeons (18.2%) were the 
most commonly sued specialty followed by orthopedists (9.2%) [5]. In one study, 
orthopedic surgeons were the most common defendants (40.1%) in all claims, fol- 
lowed by nonsurgical providers (38.1%), general surgeons (10.8%), vascular sur- 
geons (6.5%), and plastic surgeons (4.3%) [14]. Understanding the defendants 
allows us to understand the impact of compartment syndrome on the medical field 
and how easily one could miss the diagnosis. One must be acutely aware of the signs 
and symptoms of compartment syndrome in all cases, not just tibia fractures or 
trauma cases. 

Understanding the plaintiffs in these cases is just as critical as understanding the 
defendants. New York (24.5%) and California (18%) were the locations with the 
majority of the compartment syndrome claims with Michigan (9.4%) a distant third 
[5]. Between 20% and 27% of compartment syndrome claims were in pediatric 
patients, and 27-38% of the claims were in female patients [5, 7, 14]. Men aged 
11-30 years old were the highest group of patients presenting with acute compart- 
ment syndrome [15]. For patients undergoing elective surgeries, they included total 
hip/knee arthroplasty, osteotomies, bypass grafts, fistula, abdominal aortic aneu- 
rysm repair, skin traction, plastic surgeries, and even “transsexual surgeries.” Due to 
small sample sizes, the frequencies of each were not assessed. 

These studies have the unique ability to show us many of the details surrounding 
acute compartment syndrome claims including the mechanism of injury. DePasse 
et al. showed that 42.4% of the compartment syndrome cases resulted from acute 
trauma situations, and surprisingly, 36.75% resulted from elective or cardiac proce- 
dures [5]. Marchesi et al. reported an even higher percentage of claims related to 
acute trauma (63%), with 36% related to elective surgery. More than 70% of acute 
trauma cases are due to tibia fractures, which is not surprising as it is the most com- 
mon injury associated with compartment syndrome [5, 7]. Bhataccharya and Vrahas 
found that 12 of 16 compartment syndrome cases in their report were traumatic tibia 
fractures, most of which were treated with closed reduction and casting. On the 
contrary, the majority of thigh compartment syndromes resulted from elective sur- 
gery, while the majority of forearm compartment resulted from traumatic injuries 
(i.e., supracondylar humerus fractures) [5]. Intravenous infiltration (10.1%) is the 
3rd most common cause of compartment syndrome claims, and these claims 
included many nonsurgical hospital staff as defendants. 

The signs and symptoms present in the plaintiffs were examined in many of these 
studies. Between 55% and 68% patients in the cases presented with severe pain as 
the primary symptom of compartment syndrome [7, 14]. Paresthesias, numbness, or 
increased compartment tension to palpation were the second common presenting 
symptoms. Surprisingly, only one study noted the frequency with which compart- 
ment pressures were measured, and the frequency was only 25% in their study [7, 
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14]. Other presenting symptoms included the other cardinal signs of compartment 
syndrome (e.g., pallor, poikilothermia, paralysis, pulselessness, and pain with pas- 
sive stretch), but these were less frequently noted [7, 14]. 

Timing to fasciotomy and sequela of missed compartment were also examined in 
these closed claims studies. Sixty-eight percent of patients underwent fasciotomies 
following diagnosis of the symptoms with an average of 3.5 subsequent surgeries 
[7, 14]. Moreover, 32% of patients underwent delayed fasciotomy (> 8 hours post 
first sign/symptom) [14], and 18-24% of patients underwent amputations post fas- 
ciotomy [5, 7]. Finally, 77% of patients reported permanent physical disability as a 
result of a missed compartment syndrome [15]. The most common complications 
were weakness/numbness and contracture in 58% followed by persistent pain, sub- 
sequent operations, difficulty walking, and scarring [5]. 

Delays in diagnosis (87%) and in treatment (36.7%) were the most common 
causes of acute compartment syndrome claims [5, 7, 14, 15]. This is understandable 
considering the difficulty in establishing a diagnosis of compartment syndrome. 
Often, physicians are reluctant to perform compartment pressure measurements due 
to the level of discomfort they cause to patients. Additionally, the patient’s pain may 
be attributed to postsurgical or post-injury-related pain rather than compartment 
syndrome. Medications may be utilized to control the pain, leading to masking of 
the symptoms. Patients who had documented signs such as paresthesias or pain with 
passive stretch without further investigation were more likely to win the trial or 
participate in a settled case. Failure to investigate phone calls from patients or dis- 
regarding patient complaints without further investigation (poor physician-patient 
communication) more likely results in ruling for the plaintiff [7]. The studies dem- 
onstrated mixed results regarding the impact of patient sex, age, and level of dis- 
ability with the ruling of the claims and that will be discussed below with the 
indemnity payments. Based on their report, Bhattacharyya et al. concluded that a 
fasciotomy within 8 hours of presentation and early action once physical findings 
are documented could prevent a malpractice claim [7]. 

The plaintiffs were successful in 56-77% of the claims in the studies examined 
[5, 7, 14, 15] with 27-56% of the claims resulting in a settlement rather than trial [5, 
7]. Depasse et al. reported that 68% of trials were won by the defendant, and the 
Bhattacharyya study reported that the defendant was successful in all three cases 
that went to trial [5, 7]. Marchesi found that 72% of the damages were due to the 
physician’s actions or inaction [14]. Interestingly, the post procedure compartment 
syndrome was more commonly ruled in favor of the plaintiffs compared to trau- 
matic compartment syndrome where the sequelae were thought to be due to the 
injuries themselves rather than the physicians. Depasse et al. reported that cases 
with pediatric plaintiffs were more likely to be settled out of court and that judges 
were more likely to rule in favor of pediatric plaintiffs than adult plaintiffs. 
Additionally, they also demonstrated that judges were more likely to rule in favor of 
female plaintiffs than male plaintiffs. There was no sex or age-related differences in 
indemnity payments in the studies [5]. 

The indemnity payments in the acute compartment syndrome cases far exceed 
the average indemnity payment ($136,000) for orthopedic surgeons’ malpractice 


14 M. T. M. Little et al. 


claims. Cases that were settled reported indemnity payments from $52,500 to 
$3,500,000, whereas cases that went to court reported indemnity payments from 
$106,970 to $22,565,000 [5]. Indemnity payments were noted to correlate linearly 
with the number of presenting cardinal signs of compartment syndrome as well as 
with the time to fasciotomy [7]. The indemnity payments were significantly higher 
in the post procedure acute compartment syndrome (mean $3,399,035) compared to 
the traumatic compartment syndrome ($986,716) [5]. There was no significant dif- 
ference in the indemnity payments for juvenile or female patients when compared 
to their adult or male counterparts. And there was no association between amputa- 
tion or level of dysfunction and indemnity payment. 


Patient Assessment and Future Directions 


The sequela and medicolegal ramifications of missed compartment syndrome are 
severe. Training institutions in particular face unique difficulties with the implemen- 
tation of the 80-hour work week. Limitations in staffing necessitate an increased 
number of patient handoffs which can lead to poor physician communication, lack of 
care coordination and continuity, and an increased likelihood of missed diagnoses 
[2]. As noted above, delay in diagnosis and delay in intervention are the most com- 
mon causes of malpractice claims in acute compartment syndrome cases. Developing 
a systematic approach to patient care is critical to avoiding malpractice claims, 
indemnity payments, and poor patient outcomes. Garner et al. described an algorithm 
for care of patients at risk for compartment syndrome which we review below [2]. 

The first step in the care of these patients is recognizing who are at high risk for 
development of compartment syndrome, most commonly victims of trauma (tibia 
fractures, supracondylar humerus fractures, and crush injuries). It is also essential to 
recognize that patients outside of these categories may also develop compartment 
syndrome (vascular bypass, IV infiltration, elective procedures and plastic surgery). 
These high-risk patients should be assessed by the oncoming team and the outgoing 
team together to compare the examination findings and medication administration 
record. Careful communication pre- and postoperatively should be performed with 
the patients regarding the signs and risks of compartment syndrome. Patients or 
their families should be informed of the sequelae of a missed compartment syn- 
drome as well as the clinical course of those patients diagnosed and treated for 
compartment syndrome. In particular, the limb-saving nature of fasciotomies for 
this condition should be emphasized. This communication is critical for the patient 
to have appropriate expectations regarding the condition, the necessity of treatment, 
and the possible need for additional interventions. 

Patients should be assessed closely for increasing analgesic requirements and any 
of the cardinal signs or symptoms of compartment syndrome with worsening pain 
aggravated by passive muscle stretch being the essential sign [16]. Increasing medi- 
cation requirements may be the only sign of a nascent compartment syndrome in 
young children or patients who have difficulties in communicating. Paresthesias and 
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severe pain should be investigated fully by opening splints/dressings and close mon- 
itoring for any improvement or changes. After discussing with senior staffing, there 
should be a low threshold for compartment pressure measurements in any patient 
displaying any of the cardinal signs. While palpation of compartments is the most 
commonly reported aspect of the exam, it has been shown to have a very poor cor- 
relation with a true diagnosis of compartment syndrome with reported sensitivities 
as low as 24% [17]. 

Patients should be examined by the same medical professional every 2—4 hours 
until the combined pass-on examination between staff members. Care must be 
taken in obtunded patients or patients who have undergone regional analgesia or 
neuraxial block pre or post procedure as the symptoms may be masked. The thresh- 
old for compartment measurements should be even lower in these patients. 
However, while intra-compartmental pressures have a high estimated sensitivity 
and specificity, it is still possible to have both false-positive and false-negative 
results, and so the patient’s clinical presentation should be heavily considered. 
Though fasciotomies can be morbid procedures, many consider the significant 
sequelae of untreated compartment syndrome to be worse. As such, surgeons can 
expect that up to 3—4% of clinically concerning patients undergoing fasciotomies 
may not ultimately have a true compartment syndrome so as to be certain that no 
cases are ever missed [18]. 


Take-Home Messages 

e Compartment syndrome accounts for 0.03—0.05% of all malpractice claims 
per year. 

e Misdiagnosed compartment syndrome and delayed compartment releases 
result in some of the highest indemnity payments in orthopedic litigation. 

e Compartment syndrome following elective surgery, female sex, young 
plaintiffs, and the presence of cardinal symptoms (pain out of proportion, 
paresthesias, pallor, poikilothermia, pulselessness) is associated with a 
high rate of plaintiff victory in litigation. 

e Thorough documentation, early compartment releases (<8 hours), and 
clear physician-patient communication decrease the risk of plaintiff vic- 
tory in compartment syndrome litigation. 

e Consistent examination and early action when symptoms develop are criti- 
cal to properly diagnose compartment syndrome. 


Bibliography 


1. Taylor RM, Sullivan MP, Mehta S. Acute compartment syndrome: obtaining diagno- 
sis, providing treatment, and minimizing medicolegal risk. Curr Rev Musculoskelet Med. 
2012;5(3):206-13. 


16 


13. 


14. 


15. 


16. 


17. 


18. 


M. T. M. Little et al. 


. Garner MR, Taylor SA, Gausden E, Lyden JP. Compartment syndrome: diagnosis, manage- 


ment, and unique concerns in the twenty-first century. HSS J. 2014;10(2):143-52. 


. Elliott KGB, Johnstone AJ. Diagnosing acute compartment syndrome. J Bone Joint Surg. 


2003;85-B(5):625-32. 


. Jena AB, Seabury S, Lakdawalla D, Chandra A. Malpractice risk according to physician spe- 


cialty. N Engl J Med. 2011;365(7):629-36. 


. DePasse JM, Sargent R, Fantry AJ, Bokshan SL, Palumbo MA, Daniels AH. Assessment of 


malpractice claims associated with acute compartment syndrome. J Am Acad Orthop Surg. 
2017;25(6):e109-e13. 


. Liability CoP. Managing Orthopaedic Malpractice Risk. 2nd ed. Rosemont: American 


Academy of Orthopaedic Surgeons; 2000. 


. Bhattacharyya T, Vrahas MS. The medical-legal aspects of compartment syndrome. J Bone 


Joint Surg Am. 2004;86-A(4):864-8. 


. Thomas TG. Orthopaedic manholes and rabbit holes- some thoughts on medical negligence. J 


R Soc Med. 1986;79(12):701-7. 


. Atrey A, Gupte CM, Corbett SA. Review of successful litigation against english health trusts 


in the treatment of adults with orthopaedic pathology: clinical governance lessons learned. J 
Bone Joint Surg Am. 2010;92(18):e36. 


. Gidwani S, Zaidi SM, Bircher MD. Medical negligence in orthopaedic surgery: a review of 


130 consecutive medical negligence reports. J Bone Joint Surg Br. 2009;91(2):151-6. 


. Mello MM, Studdert DM, Brennan TA. The new medical malpractice crisis. N Engl J Med. 


2003;348(23):228 1-4. 


. Sethi MK, Obremskey W, Natividad H, Mir HR, Jahangir AA. Incidence and costs of defen- 


sive medicine among orthopedic surgeons in the United States: a national survey study. Am J 
Orthop. 2012;41(2):69-73. 

Sathiyakumar V, Jahangir AA, Mir HR, Obremskey WT, Lee YM, Apfeld JC, et al. The preva- 
lence and costs of defensive medicine among orthopaedic trauma surgeons: a national survey 
study. J Orthop Trauma. 2013;27(10):592-7. 

Marchesi M, Marchesi A, Calori GM, Cireni LV, Sileo G, Merzagora I, et al. A sneaky sur- 
gical emergency: acute compartment syndrome. Retrospective analysis of 66 closed claims, 
medico-legal pitfalls and damages evaluation. Injury. 2014;45(Suppl 6):S 16-20. 

Shadgan BMM, Sanders D, Berry G, Martin C Jr, Duffy P, Stephen D, O’ Brien PJ. Current think- 
ing about acute compartment syndrome of the lower extremity. Can J Surg. 2010;53(5):329-34. 
Pearse MF, Harry L, Nanchahal J. Acute compartment syndrome of the leg. BMJ. 
2002;325(7364):557-8. 

Shuler FD, Dietz MJ. Physicians’ ability to manually detect isolated elevations in leg intra- 
compartmental pressure. J Bone Joint Surg Am. 2010;92(2):361-7. 

McQueen MM, Duckworth AD, Aitken SA, Court-Brown CM. The estimated sensitivity and 
specificity of compartment pressure monitoring for acute compartment syndrome. J Bone Joint 
Surg Am. 2013;95(8):673-7. 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 


The images or other third party material in this chapter are included in the chapter's Creative 


Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter's Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 3 A 
Pathophysiology of Compartment ges 
Syndrome 


Geraldine Merle and Edward J. Harvey 


Background 


e Pathophysiology stems from pressure-related changes in the affected muscle. 

e Exact mechanisms are not clearly understood, but some models have been 
postulated. 

e Local pressure phenomena and reperfusion injury account for the clinical issues. 

e Diagnosis has been inaccurate which has impeded the full understanding of 
pathophysiology. 


Inciting Factors in Early Compartment Syndrome 


Traditional teaching is that acute compartment syndrome (ACS) occurs when 
locally increased tissue pressure compromises local circulation and neuromuscular 
function [1-5]. Circulatory patency is what maintains normal tissue function in the 
affected tissues including importantly nerves and muscles. Functional abnormality 
results after initiation of factors leading to ACS. Several markers of ACS have been 
used or sought and are currently seen as a direct result of the pathophysiology 
changes not as initiating factors. Trauma to the area results in swelling, ischemia, 
inflammation, patchy oxygen metabolism deficiencies, and increasing pressure 
[5, 6]. The question of which of these pathological changes comes first in the ACS 
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scenario is a little like the chicken or the egg debate in that it may not be as impor- 
tant as the actual diagnosis. Hargens et al. [7] found normal capillary pressure to be 
between 20 and 33 mm Hg. Pressures above this have been deemed sufficient to 
shut off flow and cause ischemia. Normal interstitial fluid pressure is around 
10 mmHg, a value fairly close to the capillary pressure. Authors [8] initially 
observed that with progressively higher applied external pressures, the blood flow to 
that area ceased before the difference between mean arterial and applied pressure 
became zero. This was the basis of the critical closure theory. A significant transmu- 
ral pressure is theorized to maintain arteriolar patency. Tension in the walls of arte- 
rioles is actively produced by smooth muscle contraction. If tissue pressure is 
elevated enough, transmural pressure is insufficient for the arterioles to actively 
close and blood flow is arrested [9]. Support for critical closure was further gained 
from the studies of Ashton [8] on the effect of limb temperature. It was demon- 
strated that the critical transmural pressure varied with limb temperature in that a 
greater transmural pressure was required to maintain blood flow when local cooling 
increased the tone of arteriolar wall smooth muscle. Would critical closure be suf- 
ficient for prolonged compartmental ischemia? Ischemia causes vasodilation, which 
may bring more fluid into the affected compartment. Undoubtedly, this theory could 
be consistent with early ACS but probably does not explain ACS propagation in 
borderline cases. Other authors [10, 11] have discussed increases in tissue pressure 
being responsible for reduction in the local arteriovenous gradient and thereby local 
blood flow. When the metabolic demands of the tissue are insufficiently met by 
reduced flow from increased pressure, a compartmental syndrome may result. This 
theory does not dictate a zero-flow scenario and is therefore more reasonable and is 
a better model of ACS. 

All of the factors that change the metabolism of the traumatic zone combined 
with anatomic limitations in blood supply, muscle fascial covering, and altered 
physiology result in ACS. Without a doubt the pressure increase is what is best 
understood as a pathological event or marker by care providers. Increased tissue 
pressure that compromises local circulation has been demonstrated by many 
researchers. The method of ascertaining this has changed over the years but has 
consistently showed that abnormally high pressures are present early in ACS [1, 2, 
4—6, 12-19]. The pressure changes the ability of the local circulation to deliver 
oxygen to the tissue. Monitoring muscle PO, has shown the balance between tissue 
oxygen delivery and tissue oxygen consumption [3, 5, 15-17]. Each zone of the 
affected area may have a slightly different PO, in the initial stages of ACS. With 
increased swelling and pressure, the whole compartment begins to show the effects. 
No critical pressure has been observed as a magic tipping point where ACS is defi- 
nite, and in fact some studies have shown compromise at pressure of 20 mmHg — 
lower than the currently held trigger point for surgery [10]. The disease process is 
just a spectrum of pressure changes where there is a greater compromise of muscle 
PO, at higher tissue pressures. There are several proposed mechanisms of pressure- 
induced circulatory compromise. These include a starling resistor model for flow 
cessation, irreversible damage to small vessels, clotting mechanisms, and others. 


3 Pathophysiology of Compartment Syndrome 19 


None of these models have really been shown to be the sole mechanism although 
pressure changes cause most of what is seen physiologically in the early stages. 

Most investigators believed that the physiological changes were all pressure 
related. Sheridan et al. [20] inflated a latex balloon in a muscle compartment of a 
rabbit. They were looking at the response of nerve and muscle to the added pressure. 
The PO, declined with increasing pressure from an initial control value of about 
10 mmHg to a low of 2.8 mmHg at a compartment pressure of 90 mmHg. The integ- 
rity of the peroneal nerve and muscles was tested by direct electrical stimulation. 
Higher pressures and longer periods of pressure application produced more frequent 
functional losses. In the end, the authors felt that the pressure alone was a sufficient 
explanation for all changes seen in ACS. Increased tissue pressure also directly 
compromises neuromuscular function. Rorabeck and Clark [6] and Hargens et al. 
[7] slowed nerve conduction velocity by the pressurized infusion of the anterior leg 
compartment of dogs. In general, increased tissue pressure as low as 20 mm Hg 
affects tissue flow, and tissue circulation is decreased as the applied pressure is 
raised. 

Vollmar et al. were interested in the microvascular response to similar external 
pressure elevation seen in ACS [21]. They used a skinfold model that was not an 
exact substitute for a compartment but illustrated a potential physiological change 
in tissue flow. They studied the response of the different segments of the microcir- 
culation in terms of vasomotor control (change of vessel diameter) and cessation of 
blood flow with progressive changes in external tissue pressure. They felt that the 
study disproved the critical closing theory but complied with the hypothesis of 
reduced arteriovenous pressure gradients as the cause of blood flow decrease in 
compartment syndrome. They found that there was an increased perfusion pressure 
gradient needed in order to restart blood flow in small vessels. It was seen as a con- 
firmation of the existence of so-called yield stress in microvessels. The high suscep- 
tibility of capillaries to elevated external pressure indicated to the authors that there 
was a need for early fasciotomy to restore impaired circulation. Lack of effective 
circulation is the factor that perpetuates further physiological changes and propa- 
gates a full compartment syndrome. It is the tipping point of the syndrome. The 
amount of pressure the muscles can tolerate before deficits are produced is also 
altered by local blood flow changes with examples being limb elevation, arterial 
occlusion, hypotension, or hemorrhage [10]. Dilation in the arteriole system caused 
by injury, along with collapsing smaller vessels and increased permeability, leads to 
increased fluid extravasation and raised interstitial fluid pressure. As it increases, 
perfusion to tissue becomes decreased. Once perfusion reaches a low level, tissue 
hypoxemia results. The combination of hypoxia, increase in oxidant stress, and 
development of hypoglycemia in the compartmental tissue causes cell edema due to 
a shutdown of the ATPase channels that maintain cellular osmotic balance [22]. 
Early ACS microvascular dysfunction results in a decrease in capillary perfusion 
and an increase in cellular injury and was associated with a severe acute inflamma- 
tory component [23]. The loss of cell-membrane potential results in an influx of 
chloride ions, leading to cellular swelling and ongoing cellular necrosis. The 
increase in tissue swelling worsens the hypoxic state and creates an ongoing positive 
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feedback. As the cascade of elevated pressure then compromises the microcircula- 
tion with decreased oxygen and nutrient delivery, tissue anoxia with eventual myo- 
necrosis then proceeds. In fact, systemic changes have been reported [24] as remote 
changes in liver and kidney function. 


Changing Tissue Tolerance with Increased Pressure 


Ongoing pressure and the tissue response are difficult to quantify. Tissues will react 
in different ways depending on the metabolic demands of the tissue and the duration 
of the increased pressure. This brings into play the specific effect of increased tissue 
pressure on local blood flow in the tissues. Bone will react differently than muscle 
and nerve — the more commonly injured tissues. Nerve and muscle do have a poten- 
tial for recovery and reconstruction following ischemic injury. Hypotension, hemor- 
rhage, arterial blood flow cessation, and limb elevation all reduce the tolerance of 
limbs for increased pressure [10]. Hargens et al. [7] elevated tissue pressure by the 
infusion of autologous plasma. They found some slowing of nerve conduction with 
a pressure of 30-40 mm Hg for 8—14 hours, but these conditions did not completely 
arrest nerve conduction. Pressure of 50 mm Hg for 330 minutes did stop nerve con- 
duction. Sheridan et al. [20] inflated a leg balloon in rabbits to investigate the 
response of nerve and muscle to direct stimulation. Applied pressure of 60 mm Hg 
for 6 hours produced consistent functional losses. A pressure of 100 mm Hg for 
12 hours caused a loss of all nerve or muscle stimulation response. Rorabeck and 
Clarke [6] found that 40 mm Hg reduced peroneal nerve conduction velocity from 
40 to 30 m/sec over 2.5 hours. A pressure of 80 mm Hg arrested peroneal nerve 
conduction after 4 hours. Certainly, there is a difference amongst subjects and spe- 
cies for tolerance of pressure before nerve conduction slows or stops. There are no 
studies in the literature on muscle function after pressure initiation. Some research- 
ers have looked at muscle degeneration after ACS conditions. Hargens et al. [7] 
investigated the effects of increased pressure in their model system using techne- 
tium-99 m stannous pyrophosphate. They found that pressures exceeding 20 mm 
Hg produced in a canine model a significant uptake of the label when maintained for 
8 hours. From this point, the amount of uptake increased dramatically as higher 
pressures were applied. Rorabeck [6] found that when a pressure of 40 mm Hg was 
applied in a canine model, there was an increased in venous creatinine phosphoki- 
nase activity. Similar findings were noted for lactic dehydrogenase. They could not 
quantify the amount of marker with the amount of pressure applied. This may indi- 
cate that there is no hard-critical pressure in every situation or person. If we look at 
the hypothesis of reduced arteriovenous pressure gradients as the cause of flow 
cessation in compartment syndrome, then it explains that lower arterial pressure 
will decrease the pressure tolerance of tissue [10]. Hypotension from halothane 
anesthetic used for surgery over a 5-hour period was studied. The results showed 
that the circulatory effect of 60 mm Hg of compartmental pressure was much more 
apparent in the hypotensive animals. Zweifach [25] also investigated the effects on 
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the pressure tolerance of rabbit limbs after an acute systemic hemorrhage of 20% of 
blood volume. Applied pressure of 40 mm Hg led to significantly greater reductions 
in nitrogen washout, muscle oxygenation, and action potentials in the hemorrhage 
group. They had seen similar results in a canine model. Limb elevation can reduce 
local arterial pressure; however, elevation alone cannot lower the limb’s venous 
pressure below the level of the local tissue pressure — that in the compartment. Thus 
for any given tissue pressure elevation of a limb above the supine position, there is 
a reduction in the local arteriovenous gradient. This means that a lower pressure is 
paradoxically sufficient to cause damage in an elevated limb [10]. This result of the 
arteriovenous gradient effect is clinically relevant in that it suggests that limbs with 
compartments showing signs of inadequate blood flow should not be elevated. 
Elevation will lower local arterial pressure but will not affect local venous pressure. 
ACS will evolve quicker than in non-elevated limbs. 


Tissue Reperfusion as a Late Inciting Factor for Compartment 
Syndrome 


Necrosis of compartment contents due to low oxygen and nutrient levels does occur 
eventually with prolonged high pressures. However, another mechanism for ACS 
propagation does take place with incomplete arterial occlusion or returning perfu- 
sion after ischemia. Reperfusion injury is tissue damage caused when blood supply 
returns to the compartment contents after a period of ischemia [26]. The absence 
of oxygen and nutrients during ischemia creates an environment whereby restora- 
tion of blood flow results in inflammation and oxidative damage rather than com- 
plete restoration of normal function [23]. This may occur after reperfusion but must 
also occur in the period of time where the microenvironment is fluctuating between 
flow and no-flow conditions at the cellular level. Normal microvascular perfusion is 
made up of mostly continuously perfused capillaries. Elevated compartment pres- 
sure results in a shift of perfusion toward intermittently perfused and non-perfused 
capillaries [21, 23, 27, 28], leading to low flow ischemic muscle areas. The meta- 
bolic demands of the tissue cannot be met, resulting in the production of reactive 
oxygen species and other inflammatory intermediaries [23]. During ischemia, there 
is a gradual depletion of intracellular stores of energy. There is a buildup of products 
of low oxygen metabolism, particularly lactic acid, with accompanying hydrogen 
ion accumulation [29]. Eventual cellular death occurs in some areas of the compart- 
ment. Unlike a complete reperfusion cycle, the defined phases of compartment con- 
tent injury cannot be clearly delineated in low-flow ischemia. The reperfusion injury 
would not only persist throughout the duration of the ACS, but would be further 
intensified by surgical treatment that allows restoration of normal blood flow into 
the capillary bed. Reperfusion may cause harmful effects by washing out necessary 
precursors for energy formation. Production of oxygen free radicals and calcium 
influx both occur with disruption of oxidative rephosphorylation at the mitochon- 
dria level [23, 30]. Upregulation of neutrophil receptors and endothelial leucocyte 
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adhesion molecules lead to the sequestration of white blood cells in the muscle 
(with a prolonged inflammatory response) with prolongation of the reperfusion 
injury. Capillary endothelium is also damaged by prolonged ischemia with a resul- 
tant increase in capillary permeability. Returning perfusion results in extravasation 
through the damaged areas with an increase in compartment volume. Lawendy et al. 
[24] demonstrated a two-hit inflammatory model with ACS and fasciotomy repre- 
senting two hits of the systemic physiology. ACS causes a significant initial rise in 
the level of TNF-a and is followed by a second peak in the systemic levels of TNF-a 
after fasciotomy. The second peak is felt to be due to cellular debris, proinflamma- 
tory mediators, and cytokines gaining access to the systemic circulation leading to a 
systemic inflammatory response. Several cytokines are significantly elevated after a 
few hours of ICP elevation — TNF-a, IL-18, GRO/KC, MCP-1, MIP-1a, and IL-1 — 
almost all of which are inflammatory [31]. Continued seeping fluid from damaged 
capillaries and muscle will only propagate the cascade that results in complete com- 
partment syndrome. 

The combination of multiple factors culminates in ACS. Ongoing changes at the 
cellular level represent early pressure-induced reversible ACS. The vacillating flow- 
no-flow scenario at the muscle level either causes limited local cellular death and 
changes or progresses through to complete ACS and more apparent clinical changes. 
This is microenvironment reperfusion injury propagation. The model of arteriove- 
nous gradient as an explanation for ACS may be close to the truth. Our treatment for 
ACS results in a more compete reperfusion injury particularly when diagnosis is 
late. In summary, although many reasons for ACS have been suggested, the main 
marker for pathophysiological changes remains pressure in the early stages of the 
syndrome. Continued physiological changes later in the disease can be tracked by 
other markers in combination with pressure. 


Take-Home Message 

e Sequelae of high local pressures in a muscle compartment is the main 
problem. 

e Several mechanisms have been postulated with arteriovenous gradient 
model being most realistic to clinical scenario. 

e Pressure interacts with local tissue compromise and changes the resistance 
to injury. 

e Inflammatory mediators and metabolites potentiate the reperfusion injury. 
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Chapter 4 A 
Determining Ischaemic Thresholds gete 
Through Our Understanding of Cellular 
Metabolism 


Alan J. Johnstone and Derek Ball 


Background to the Chapter 


e Synopsis of clinical issues associated with the complexity of compartment syn- 
dromes and current diagnostic limitations 

e Comprehending the metabolic capacity of active skeletal muscle and its constant 
need for energy 

e Understanding the principle of an ischaemic threshold and the localised tech- 
niques that are employed by muscle to counteract progressive ischaemia 

e Investigating the potential for tissue concentrations of key biochemical mole- 
cules involved in aerobic and anaerobic respiration to become markers of 
ischaemia 

e Investigating the role of direct tissue pH monitoring to become a future objective 
measure of muscle metabolic status related to ischaemia irrespective of the cause 


Clinical Issues and Concerns 


Compartment syndromes, through their definition, are complex, multifactorial and 
ultimately result in irreversible cell damage leading to cell death. Although their 
causation differs, influenced significantly by a number of local or systemic factors, 


A. J. Johnstone (È<) 
Aberdeen Royal Infirmary & University of Aberdeen, Orthopedic Trauma Unit, 
Aberdeen, Grampian Region, UK 

e-mail: alan.johnstone @ abdn.ac.uk 


D. Ball 

School of Medicine, University of Aberdeen, Medical Sciences and Nutrition, 
Aberdeen, Aberdeenshire, UK 

e-mail: derek.ball @abdn.ac.uk 


© The Author(s) 2019 25 
C. Mauffrey et al. (eds.), Compartment Syndrome, 
https://doi.org/10.1007/978-3-030-22331-1_4 


26 A. J. Johnstone and D. Ball 


they all have one thing in common — progressive tissue ischaemia that if unchecked 
results in death of the cells within the affected limb [1]. The most widely studied 
and understood form of compartment syndrome is trauma-related compartment 
syndrome, often referred to as acute compartment syndrome (ACS) and can occur 
following fractures, soft tissue crush injuries or burns. However, clinicians should 
also be aware of the significant effects that systemic hypotension or hypoxia can 
have upon an injured limb that is already compromised, has a higher metabolic need 
compared with uninjured tissues and is therefore prone to develop this otherwise 
insidious complication. 

With particular reference to ACS, accurately diagnosing this syndrome remains 
a challenge since the clinical symptoms and signs that accompany early-stage ACS 
are difficult to differentiate from those that accompany the original injury, and for 
this reason, there has been considerable interest in developing objective tests that 
could aid diagnosis and permit earlier intervention resulting in better long-term 
clinical outcomes. The most commonly used objective method for diagnosing ACS 
is to measure intracompartmental pressure (ICP) [2] since trauma results in local- 
ised swelling that in turn gives rise to an increase in the ICP, which undoubtedly 
contributes to the underlying soft tissue ischaemia. However, despite the wide 
acceptance of Matsen’s arteriovenous gradient theory behind the pathophysiology 
of ACS, which elegantly explains the mechanical aspects of this syndrome, it lacks 
useful information about the underlying cellular effects especially in the presence of 
injury and the resultant increase in requirements for energy by the injured cells. 
Overall, the majority of clinicians remain unconvinced about the value of monitor- 
ing ICP given its well-documented poor diagnostic specificity, and the search con- 
tinues for better objective diagnostic methods [3]. 


Skeletal Muscle Physiology 


Skeletal muscle is a highly metabolically active tissue. Even at rest, it has been cal- 
culated that the turnover of adenosine triphosphate (ATP) is around 35 pmol.kg"! 
muscle, with the energy used mainly to transport Ca”* and to maintain the balance 
of intracellular and extracellular Na* and K* across the sarcolemma [4]. However, 
skeletal muscle can rapidly increase its consumption of ATP by approximately 
1000-fold (5 mmol.kg-') during maximum exercise with 70% of the ATP being 
utilised to undertake muscular work through the interaction of myosin and actin and 
the remaining 30% employed to transport Ca”*, Na* and K* [5]. There is a very lim- 
ited store of ATP resulting in a constant requirement for ATP to be replenished. 
When oxygen delivery and availability is abundant, ATP is primarily re-synthesised 
through oxidative phosphorylation of fatty acids via mitochondrial respiration, but 
during periods of increased energy turnover, glycogen and glucose are also used as 
substrates to produce ATP. This process is also known as aerobic respiration. 
However, when oxygen availability and/or delivery is below that required for oxida- 
tive phosphorylation, the energy required to re-synthesise ATP is produced through 
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glycolysis (also known as anaerobic respiration); under these circumstances, the 
end product of glycolysis, pyruvate, is converted to lactic acid, resulting in an accu- 
mulation of H* ions intra- and extracellularly. After high-intensity exercise, the 
metabolic consequence is that intramuscular pH levels can be as low as 6.5 [6]. 
Although in the liver, lactate can be oxidised to pyruvate and ultimately converted 
into glucose-6-phosphate which can then be utilised for oxidative phosphorylation. 
Since the enzymes required for this conversion are not present in the skeletal mus- 
cle, lactic acid could be considered a metabolically ‘dead end’ molecule in muscle 
and only becomes a useful source of energy when it is transported to the liver where 
it is reprocessed through gluconeogenesis [7]. To exacerbate matters, given that 
ACS results in a gradual reduction of venous blood flow, the mechanism for repro- 
cessing of lactate by the liver becomes increasingly restricted resulting in an accel- 
erated build-up of lactic acid within muscle. The H* ions that accumulate 
intracellularly, as a result of anaerobic respiration, are buffered to some degree by 
intracellular proteins, although a sizeable proportion are actively transported extra- 
cellularly where they can be buffered by plasma bicarbonate and the lactic acid used 
in the liver as a substrate through gluconeogenesis. 

In extreme circumstances when the muscles’ need for energy is exceptionally 
high and glycolysis is insufficient, the high-energy phosphate-containing molecules, 
phosphocreatine (PCr) and adenosine diphosphate (ADP), can be catabolised [8]. 
However, this process results in a reduction in the total adenine nucleotide pool [9], 
a situation that is still reversible but requires considerable future energy reserves to 
rectify and resembles a pre-terminal stage for the cell. 


When Reversible Cell Injury Becomes Irreversible 


Cells are remarkably tolerant to ischaemia, but in the absence of sufficient energy 
reserves, cell membrane ion exchange pumps become less efficient resulting in an 
accumulation of Na* intracellularly and a diffusion of K* out of the cells features 
that are associated with cellular swelling; overall protein synthesis slows; and in 
muscle there is reduced contractility. However, if the delivery of adequately oxy- 
genated blood is restored, all of these cellular disturbances are reversible. 
Irreversible injury is associated with morphological features such as severe 
swelling of mitochondria, extensive damage to plasma membranes and swelling of 
lysosomes. These features result in mitochondria that are unable to synthesise ATP 
and plasma and organelle membrane damage that leads to structural loss of the cell 
and the organelles resulting in the undesirable entry of extracellular proteins and 
loss of intracellular proteins. It is at this stage that myocyte specific proteins such as 
troponin and creatine kinase are released into the extracellular fluid and are useful 
blood biomarkers of cellular damage. Loss of membrane integrity also results in 
extracellular Ca”* entering the cell and in particular the mitochondria. In circum- 
stances where the irreversibly damaged cells are reperfused, Ca”* is taken up rapidly 
by the mitochondria and permanently poisons them through inhibiting enzyme 
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activity. Also, oxygen free radicals are produced on restoration of the blood supply 
resulting in further direct injury to the plasma and organelle membranes. 


In summary, membrane injury and subsequent significant dysfunction is the cen- 


tral factor leading to irreversible cell injury. 


Coping Mechanisms That Are Employed by Skeletal Muscle 
in Response to Ischaemia 


Hypo-perfusion resulting in localised ischaemia is a fact of everyday life, where 
cells, tissues and organs are perpetually utilising a variety of coping mechanisms to 
promote blood flow, varying oxygen extraction from the blood, and to modify cel- 
lular metabolism to generate energy depending upon the concentration of oxygen 
that is locally available. 


1. 


Autoregulation is the term given to the ability of the microcirculation to reduce 
vascular resistance through relaxing the smooth muscle present within the vessel 
walls that in turn improves blood flow in situations when the arteriovenous pres- 
sure gradient is subnormal. However, this inherent compensatory mechanism is 
soon overcome by a developing ACS whereby venous blood flow is inhibited by 
the raised intramuscular pressure, thus lowering the arteriovenous gradient. 


. Another compensatory coping strategy utilised by ischaemic muscle is to extract 


more oxygen than is the norm from venous blood. In non-ischaemic situations, 
oxygen delivery is excessive; and therefore, the venous blood contains surplus 
oxygen that can be utilised when the body is exercising and the demand for oxy- 
gen is higher. A decline in pH will favour an increase in oxygen offloading due 
to a shift in the haemoglobin dissociation curve, and in the presence of a devel- 
oping ACS, this mechanism for obtaining additional oxygen is maximised. 


. The third and most important coping mechanism is the ability of all human cells 


to generate energy in the presence of ischaemia by activating the glycolytic path- 
way. Although the mechanism is effective, it is not an efficient use of glucose 
since it results in 12-fold lower production of ATP compared with oxidative 
phosphorylation and produces lactic acid as a by-product. Glycolysis is employed 
by all cells on a routine basis and is activated when required to make up any 
energy shortfall. In the presence of a developing ACS, the glycolytic pathway 
becomes increasingly important for cell survival, although, through its ineffi- 
ciencies, it is not sustainable, and ATP production declines to a level where ade- 
quate plasma and organelle membrane function is lost, and reversible cell injury 
becomes irreversible. 


Could biochemical markers be indicative of impending irreversible 

cell injury? 

In principle, if the tissue concentrations of key biochemical markers could be mea- 
sured accurately, it seems likely that a relationship between their concentration and 
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the extent of tissue ischaemia could be established. However, these potential rela- 
tionships have not been investigated in depth, and to date no studies have been 
undertaken that directly compare the biochemical composition of muscle with the 
morphological features of reversible and irreversible cell injury. 

Through research undertaken in our unit, we have investigated the potential rela- 
tionship between progressive ischaemia in skeletal muscle with the tissue concen- 
tration of key biomarker molecules (glucose-6-phosphate, pyruvate and lactate) that 
play central roles in oxidative phosphorylation and glycolysis, and the end products, 
ATP. The model that we used was a non-circulatory model utilising fresh avascular 
blocks of mammal skeletal muscle. Although this model is not directly comparable 
with ACS models, where the blood flow is gradually deteriorating, our model was 
useful due to its simplicity, consistency and ability to foreshorten the overall experi- 
mental time from well-vascularised muscle to irreversible cell injury (death). The 
experimental model also facilitated the process of obtaining biopsy specimens at 
regular intervals. After freezing all biopsy specimens in liquid nitrogen and further 
processing of the specimens, we were able to measure the tissue concentration of 
each of the aforementioned key molecules and compare them in relation to isch- 
aemic duration and level of tissue pH with the latter being calculated using the aero- 
bic—anaerobic equation described by Sahlin [10] and used to determine the extent of 
ischaemia. The aerobic—anaerobic equation is dependent upon the concentrations of 
lactate and pyruvate, which are key intermediate and end molecules in the glyco- 
lytic and oxidative pathways. They are therefore indicative of the balance between 
anaerobic and aerobic respiration. Tissue concentrations of ATP and PCr were used 
to determine when the cell energy reserves were depleted to the point of irreversible 
cell injury and cell death was imminent. 

In summary, over time, glucose-6-phosphate, pyruvate levels and PCr decline 
predictably as these key energy substrates are used to make ATP (Figs. 4.1, 4.2, and 
4.3). In response to the glycolytic activity, lactate levels increase over time (Fig. 4.4). 
Finally, despite the concerted effort to maintain ATP re-synthesis, the metabolic 
consequence of ischaemia still results in a ~75% decline ATP concentration after 
90 minutes (Fig. 4.5). 

In addition, when the tissue concentrations of all of these molecules are plotted 
against tissue pH (data not shown), there is a strong correlation (and a reverse cor- 
relation for lactate) between both pH and the concentrations of the aforementioned 
key molecules. 


Assuming that there is a relationship between the concentration of key 
biochemical markers and the extent of muscle ischaemia, could any of these 
markers be used as an objective measure of ischaemia? 

Our research strongly suggests that a number of these biochemical markers could be 
useful in determining the extent of tissue ischaemia, irrespective of the cause, but the 
difficulty lies in how best to measure their concentration in tissues in the clinical set- 
ting. Microdialysis is one method that could be employed, but this technique which 
can be used to measure the extracellular concentration of molecules of interest would 
be questionable under conditions when an increase in the intramuscular pressure may 
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Fig. 4.1 Ischaemic mammalian animal muscle study: glucose-6-phosphate concentration against 
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Fig. 4.2 Ischaemic mammalian animal muscle study: pyruvate concentration against time 


influence the movement of biomolecular markers in contrast to normal conditions. In 
principle, spectrophotometric methods for determining the tissue concentration of 
these key molecules hold promise but would require multi-wavelength optical analy- 
sis for each metabolite of interest and as such are not sufficiently well advanced to be 
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Fig. 4.4 Ischaemic mammalian animal muscle study: lactate concentration against time 


of use. Even the more established spectrophotometric technique for determining the 
oxygen concentration in tissues, near-infrared spectroscopy (NIRS) is not proving to 
be as useful as was first anticipated due to a number of confounding factors. 

One method that we have been investigating in more detail is the potential of 
measuring pH directly in muscle. Tissue acidity (pH) is a direct reflection of the 
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Fig. 4.5 Ischaemic mammalian animal muscle study: ATP concentration against time 


concentration of H* ions present, and although the H* ion is not one of the key 
molecules, it does represent a reasonably accurate measure of glycolysis that has 
been taking place. In addition to the aforementioned biochemical analyses, our 
experiments also assessed the accuracy of measuring directly the tissue pH of mus- 
cle using pH probes. Our results confirmed a strong correlation (R? = 0.926) 
between directly measured pH with calculated pH based upon the tissue concentra- 
tion of lactate and pyruvate, using the aerobic—anaerobic equation. Although more 
work is required to confirm the earlier findings, it is possible that directly mea- 
sured tissue acidity using a pH probe may prove to be a useful objective measure 
of muscular metabolic status related to ischaemia that could have roles in diagnos- 
ing and assessing the severity of ACS in addition to other forms of compartment 
syndrome [11]. 


Limitations of Current Knowledge and Future Directions 


e Itis clear that further research needs to be done in an attempt to directly associate 
the concentrations of key cellular metabolic markers with the morphological 
changes that are recognised for reversible and irreversible cell injury. If key met- 
abolic biomarkers can be identified, these will open the door to the development 
of new objective measures of ischaemia. 

e Based on our research (laboratory and clinical), monitoring intramuscular pH 
seems to be a highly accurate method (high sensitivity and specificity) for detect- 
ing muscle ischaemia and the metabolic status of the muscle and appears to have 
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advantages over ICP monitoring. A future RCT will be required to assess the 
potential of IMpH monitoring to diagnose ACS and other forms of compartment 
syndrome [12]. 


Take-Home Message 

e Skeletal muscle is a highly metabolically active tissue that has a constant 
demand for energy. 

e Underlying cellular metabolic pathways are well established for both aero- 
bic and anaerobic environments. 

e Morphological changes in cellular structure have also been well described 
for both reversible and irreversible cell damage secondary to ischaemia. 

e Identifying key stages in the cellular metabolic response to ischaemia that 
can differentiate between reversible and irreversible cell damage (ischaemic 
threshold) should be possible. 

e Identifying an ischaemic threshold is of fundamental importance if new 
diagnostic methods are to be developed that would aid the decision-making 
process of clinicians responsible for treating patients with a suspected 
compartment syndrome or other forms of peripheral ischaemia. 

e Early research suggests that direct intramuscular pH monitoring could be 
a suitable objective measure of muscle ischaemia including compartment 
syndrome. 

e Despite enthusiastic attempts to diagnose peripheral ischaemia by measur- 
ing key biochemical markers in venous or arterial blood, dilutional effects 
significantly dampen the responsiveness of potential markers except in 
extreme situations where extensive ischaemic damage resulting in cell 
death is present, by which time, treatment is aimed at tissue/limb salvage 
at best. 
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Chapter 5 A 
Pressure Measurement: Surrogate gient 
of Ischaemia 


Andrew D. Duckworth, Charles M. Court-Brown, and Margaret M. McQueen 


Background to the Problem 


e It is well established that the expedient diagnosis of acute compartment syn- 
drome (ACS), followed by urgent fasciotomy and decompression, provides the 
best outcome for the patient by avoiding irreversible tissue ischaemia and necro- 
sis [1-4]. 

e Delay in the diagnosis of ACS can lead to potentially catastrophic outcomes for 
the patient [5-9], as well as being associated with high medical costs [10] and 
medicolegal indemnity cases [11, 12]. Complications include infection, muscle 
necrosis/contractures, nerve injury, chronic pain, fracture non-union and even 
amputation. 

e Factors associated with a delay/failure of diagnosis are inadequate experience of 
medical personnel, regional or general anaesthesia (GA), polytrauma patients, 
soft tissue injuries as well as the use of clinical signs alone when making the 
diagnosis [4, 13—20]. 

e There is currently no universally agreed reference standard for the diagnosis of 
ACS, and the prevalence documented in literature is below 30%, meaning the 
diagnostic performance characteristics of any test is by definition limited 
[21-23]. 

e The use of intra-compartmental pressure (ICP) monitoring continues to be 
debated, with one study using it as the primary diagnostic tool in only 11.7% of 
386 tibial shaft fractures [23], whilst a recent survey of US trauma surgeons 
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reported that clinical assessment should be utilised in the awake patient, with 
monitoring recommended in the obtunded or unconscious patient [24] 


What Is Recommended? 


Which Patients Should Be Monitored? 


The incidence of acute compartment syndrome (ACS) is documented to be 3.1 per 
100,000 population/year [21]. Males are more frequently affected than females 
(10:1) [21, 25], and the mean age is quoted at just over 30 years, with males younger 
than females [21, 26, 27]. Table 5.1 details those patients in whom compartment 
pressure monitoring is recommended. These can be considered risk factors and/or 
high-risk patients for the development of ACS, as well as factors known to be asso- 
ciated with a delayed diagnosis of ACS [4, 13-20]. 

Youth is the principal risk factor for developing ACS, with the highest preva- 
lence documented to be in the second and third decades [29]. One proposed expla- 
nation for this is that young patients have a higher muscle bulk and thus a limited 
capacity for swelling in a fixed compartment. Sarcopenia and an associated 
increased perfusion pressure due to hypertension can also possibly explain the pro- 
tective effects of ageing. The important caveat for youth as a risk factor are cases of 
ACS secondary to soft tissue injuries, which make up almost a quarter of all cases 
[1, 30, 31]. For these cases, it is noted that the mean age is significantly older than 
those who develop ACS following a fracture [32]. Soft tissue causes of ACS include 
crush injuries, crush syndrome, drug overdose and anticoagulant medications 
[16, 21, 27, 33-40]. 


Table 5.1 Patients athigh Patients in who pressure monitoring is recommended 
risk of ACS and where Youth 


pressure monitoring is — 
recommended Tibial fractures 


High-energy forearm fractures 


High-energy femoral diaphyseal fractures 


Patients with a background of bleeding disorders and/or 
anticoagulants 


Polytrauma patients 
High base deficit 
High lactate levels 


Transfusion requirement 
Altered conscious level 


Regional anaesthesia or patient-controlled analgesia 


Children and/or adolescents with at-risk injuries 


Patients with associated nerve injuries 
Table adapted from Duckworth and McQueen [28] 
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Tibial diaphyseal fractures account for a third of all ACS cases [21]. Despite 
some previous literature suggesting that intramedullary nailing was associated with 
the development of ACS [7, 41-45], other studies have found this not to be the case 
[45, 46], and more recently, youth, males and diaphyseal fractures are noted to be 
the key risk factors [4, 22]. Recent literature has reported an increased risk of ACS 
following tibial plateau fractures [47], particularly the more complex higher-energy 
Schatzker VI types [47, 48]. Forearm diaphyseal fractures and fractures of the distal 
radius, particularly high-energy, are also associated with ACS. 

The current literature suggests a high rate of ACS following closed low-energy 
rather than open high-energy fractures of the tibial shaft [21, 49-51]. The reason for 
this could be due to the theory of ‘auto-decompression’ of the fascial boundaries at 
the time of injury. However, there is data to certainly support an increased rate of 
ACS following high-energy forearm and femoral fractures [21, 25, 38, 52]. One 
study has reported a lower limb ACS rate of 20% in critically injured patients, with 
increased lactate levels and base deficit, as well as a transfusion need associated 
with the diagnosis [53]. 


What Are the Techniques Available? 


The advantages and disadvantages of the various invasive monitoring techniques 
available are found in Table 5.2. The needle manometer [54-56] was an early 
method of pressure monitoring and is a simple and cheap technique, but there are 
noted problems with the tip blocking and major concerns associated with the large 
volume of fluid infused, which could induce or exacerbate compartment syndrome. 
The wick catheter was a modification of this [57, 58] and provides a large surface 
area for pressure measurement, whilst also reducing the blocking risk. However, 
false low measurements have been noted if a blockage (e.g. blood clot or air bubble) 
does occur. 

The slit catheter is like the wick catheter [59-61] and is the technique we use in 
our centre [62]. Again, a large surface area is available for measurement via an 
axial cut at the catheter end [59]. Patency can be assessed when the catheter is in 
place by applying light pressure to the compartment, which should give an immedi- 
ate transient elevation in the pressure reading. The data suggests that the slit cath- 
eter is superior to the needle manometer method [60] and comparable to the wick 
catheter [61]. 

A solid-state transducer intra-compartmental catheter (STIC) can also be used to 
measure compartment pressures [63-65]. This method employs a pressure 
transducer within the catheter lumen. Good correlations with conventional tech- 
niques have been reported [64]; however, this method is expensive/labour intensive, 
and less modern designs can require an infusion to maintain patency [65]. There is 
also the Stryker ICP™ monitor (Stryker, Kalamazoo, MI), which is commonly used 
in North America for compartment pressure monitoring. The accuracy of this moni- 
tor has been shown to be limited as regards inter-observer variability [66]. 
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Table 5.2 The advantages and disadvantages of the currently available ICP monitoring techniques 
used in the diagnosis of acute compartment syndrome 


Method Advantages Disadvantages 
Needle manometer Simple technique Accuracy limited with false 
Low cost positives/negatives 


Invasive indirect measure 
Continuous measurement unfeasible 
Needle tip may block 

Fluid infusion can cause clinical 
picture to deteriorate 


Wick catheter Good accuracy with high | Invasive indirect measure 
surface area Blockage at air/fluid junction 
Blockage of catheter possible 
uncommon Wick material retention possible 
Continuous monitoring | Transducer must be at catheter level 
feasible 
Transducer-tip intra- Good accuracy Increased costs 
compartmental catheter Continuous monitoring | Re-sterilisation necessary 
feasible 
Transducer level not 
important 
Slit catheter Good accuracy with high | Invasive indirect measure 
surface area Catheter may block 
Continuous monitoring | Air bubble can lead to false low 
feasible reading 
Transducer must be at catheter level 
Near-infrared spectroscopy Good accuracy and Increased costs 
correlation Not yet clearly validated for ACS 
Continuous monitoring | Measurement dependant on soft 
feasible tissue depth 


Non-invasive technique 
Reproduced from Duckworth and McQueen [28] 


Where Should the Catheter Be Placed? 


The recommended catheter placement location for the upper and lower limb sites at 
risk of ACS is found in Table 5.3. Accurate catheter placement within the affected 
compartment is carried out using a strict aseptic technique [67]. In the presence of 
a fracture, the literature would suggest that the catheter tip should be placed within 
5 cm of the level of the fracture, as this will give the peak measure reading within 
the compartment [4, 68-70]. Others advocate this results in a false high reading due 
to the fracture haematoma [71]. It is essential that the transducer is secured at the 
level of the compartment as the readings will to change with the height relative to 
the compartment. 

Current data would suggest the lower leg anterior compartment should be used 
as it is the most commonly involved compartment and is easily accessible [51, 72]. 
However, some authors advocate concomitant monitoring of the deep posterior 
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Table 5.3 The recommended catheter placement location for the upper and lower limb sites at risk 
of ACS 


Location Recommended location for catheter placement 


Upper limb 
Arm Anterior compartment (posterior if clinically suspected) 
Forearm Flexor/volar compartment (extensor/dorsal if clinically 
suspected) 
Hand Interosseous compartments 
Lower limb 
Thigh Anterior compartment 
Lower leg Anterior compartment (deep posterior if clinically 
suspected) 
Foot Interosseous compartments (calcaneal compartment for 


hindfoot injuries) 


compartment due to the possibility of missing an isolated deep ACS. It should be 
noted that this is often uncomfortable and cumbersome for the patient [5, 68]. 


What Is the Pressure Threshold for Decompression? 


There has been much debate when using compartment pressure monitoring regard- 
ing the pressure threshold for diagnosing ACS and proceeding to fasciotomy. Should 
we use the absolute compartment pressure in isolation? Is the differential pressure 
or perfusion pressure (AP) the best thing to use? 

Early data suggested using an absolute ICP threshold of 30-40 mmHg [30, 50, 
54, 58, 73-75]. However, it was subsequently noted that a patient’s tolerance for an 
absolute pressure reading does vary widely and was intrinsically linked with the 
systemic blood pressure or perfusion pressure [51, 69, 76-78]. Whitesides et al. 
documented the use of the differential pressure (AP), calculated as diastolic pres- 
sure — intra-compartmental pressure [76]. Following on from this, data then pro- 
posed a differential pressure of 10-35 mmHg as diagnostic [69, 78, 79]. However, 
it has been noted that the differential pressure will possibly be increased in trauma- 
tised or ischaemic muscle. 

There is now clinical and experimental data supporting a differential pressure of 
<30 mmHg as diagnostic for ACS requiring fasciotomy [6, 51, 67, 80]. In a study 
from our centre, there were 116 patients with an acute fracture of the tibial shaft 
[51] that underwent immediate continuous pressure monitoring of the anterior com- 
partment for a minimum of 24 hours. The authors used a differential pressure of 
<30 mmHg for more than 2 hours as diagnostic, with 3 patients requiring fasciot- 
omy. No unnecessary fasciotomies were noted, and there were no missed cases of 
ACS and no related sequelae at a final mean follow-up of just over a year [51]. 

This protocol was subsequently validated in our centre by White et al. in a study 
of 101 tibial diaphyseal fractures. In this series, 41 patients had an absolute pressure 
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reading of greater than 30 mmHg for more than 6 hours continuously, but with a 
normal differential pressure of >30 mmHg. These patients were compared with 60 
patients who all had an absolute reading of less than 30 mmHg throughout. In the 
year following intervention, no significant difference in isometric muscle analysis 
or in return to function was found between these two groups [67]. 

Janzing et al. assessed a monitoring protocol in a prospective study of 95 patients 
with a tibial shaft fracture that underwent continuous pressure monitoring [81]. 
There was a 14.4% fasciotomy rate reported in the series. The authors found that the 
optimal combined sensitivity and specificity was clinical symptoms and differential 
pressure of <30 mmHg (61%, 97%), with a differential pressure of <30 mmHg 
performing best when using monitoring alone (89%, 65%). The authors suggested 
that an increased fasciotomy rate could occur with continuous pressure monitoring, 
but this study does not completely consider the trend of the differential pressure 
over time. 


Is Continuous Monitoring Important? 


Time to fasciotomy is established to be a key factor in predicting patient outcome 
[5-9]. All the available data clearly determines that timing is of critical importance 
in the development of muscle damage [73, 75, 82, 83]. However, it is also necessary 
to contemplate the trend over time for compartment pressure monitoring in order to 
confirm the diagnosis of ACS and determine the need to proceed to fasciotomy, with 
the exception of severe or extreme cases that obviously need to proceed to theatre 
immediately. The current data suggests that if a single pressure reading is used, then 
this will most probably result in an increased rate of unnecessary fasciotomies 
(overtreatment). One study reported a false-positive rate of 35% if a one-off differ- 
ential pressure reading of <30 mmHg was used as diagnostic and if the trend over 
time was not considered [84]. 

Kakar et al. reported a prospective study of 242 tibial shaft fractures treated with 
intramedullary nailing under general anaesthesia (GA) [85]. They found that 
although the preoperative diastolic blood pressure was related to the post-operative 
pressure, a significant difference was found with the intraoperative pressure. This 
work emphasises the need to use serial continuous measurements and that intraop- 
erative and immediate post-operative readings should be used with caution. This is 
certainly the experience in our centre too. 

The protocol we use in our centre is well documented in the literature, and when 
employing a differential pressure of <30 mmHg over a 2 hour period as diagnostic 
[62], we have reported a reduction in the time to fasciotomy and complication rate, 
whilst not significantly increasing the rate of fasciotomies [51]. We would suggest 
that if the differential pressure is below 30 mmHg, but the absolute pressure is 
decreasing (and thus the differential pressure is increasing), then it is most likely 
safe to closely observe the patient in the expectation of the differential pressure 
returning to safe levels within a short period of time. 
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How Do Clinical Signs Compare with Pressure Monitoring? 


To determine whether pressure measurement is a good surrogate for ischaemia, it is 
important to consider what the alternatives are, namely, clinical assessment. The 
clinical symptoms and signs associated with the development of ACS are swelling, 
pain on passive stretch, pain out of proportion to the injury, paraesthesia and paresis/ 
paralysis. The diagnostic performance characteristics of these symptoms and signs 
are found in Table 5.4. 

Swelling is almost a universally seen sign with all the causes of ACS and is very 
subjective. Despite pain being an important early symptom of ACS in the awake and 
alert patient [15], it is common after most injuries, is very subjective/patient depen- 
dent and is not universally present in all cases of ACS [88]. Pain assessment is also 
not possible when regional anaesthesia has been used or in the unconscious patient 
[13, 14, 18]. Pain has a low sensitivity and a large false-negative/missed cases rate 
reported in the literature [5, 6, 15, 33, 89]. Paraesthesia or reduced sensation is now 
established as a late sign of ACS [8] with a very low sensitivity and a rate of false 
negatives [15]. This rate of false negatives excludes paraesthesia as an accurate 
diagnostic indicator. Paralysis of the muscles within compartment is also a very late 
sign of ACS and is indicative of irreversible damage to the soft tissues within the 
compartment. It is associated with a poor outcome [30, 31, 38, 49, 90, 91] and has 
the worst combined sensitivity and specificity in the literature [15]. Vascular assess- 
ment is not an early clinical sign of ACS, with absent peripheral pulses, pallor and 
reduced capillary refill time all associated with either an acute vascular injury that 
needs an urgent angiogram/intervention or possibly an established ACS where an 
amputation is very possible [4]. Importantly, it is also not possible to rule out ACS 
due to strong distal pulses. 

Some studies have tried to directly compare the use of clinical assessment 
alone with compartment pressure monitoring. In a study from our centre, we 
reported on 25 patients with a tibial shaft fracture that developed ACS [6]. There 
were 13 patients who underwent compartment pressure monitoring and 12 
patients who had clinical assessment alone. There was a significant delayed time 
from presentation to fasciotomy for the non-monitored group (16 hour difference; 


Table 5.4 The reported sensitivities and specificities of the clinical symptoms and signs of ACS, 
along with the diagnostic performance characteristics of ICP monitoring 


Symptom or sign Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%) 
Pain [15] 19 97 14 98 
Pain on passive stretch [15] 19 97 14 98 
Paresis/motor changes [15] 13 97 IET 98 
Paraesthesia/sensory changes [15] | 13 98 {15 98 
Swelling [86] 54 76 70 63 
ICP monitoring [87] 94 98 93 99 


Reproduced from Duckworth and McQueen [28] 
PPV positive predictive value, NPV negative predictive value, JCP intra-compartmental pressure 
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p < 0.05), with also a significantly increased rate of late sequelae (91% vs. 0%; 
p < 0.01) and delay to union (8 week delay; p < 0.05) [6]. 

A further study reported on 218 patients that included 109 consecutive tibial 
shaft fractures that had continuous compartment pressure monitoring and retrospec- 
tively compared them with 109 control patients that underwent clinical assessment 
only [72]. The authors reported comparable rates of fasciotomy (15.6% vs. 14.7%). 
However, there was no significant difference in either patient outcome or time to 
fasciotomy [72]. One potential criticism of this study is that the control group had 
clinical examination performed hourly, which could be argued to be inconsistent 
with routine clinical practice. 

Harris et al. are the only authors, to our knowledge, to have carried out a prospec- 
tive randomised trial [71]. Their study included 200 consecutive tibial shaft frac- 
tures and randomised patients to clinical assessment alone (n = 100) or compartment 
pressure monitoring (n = 100). All five cases of ACS in the study were in the clinical 
assessment group. The authors chose a primary outcome of late ACS sequelae at the 
six-month assessment. Complications that were reported included sensory loss, 
muscle weakness, contractures and toe clawing, and fracture non-union. There was 
no significant difference in overall complication rates found between groups (27% 
vs. 29%). A potential criticism of this study was that the indication for fasciotomy 
was clinical assessment, with monitoring only employed at the discretion of the 
treating surgeon [71]. 


Diagnostic Performance Characteristics (Table 5.4) 


The diagnostic performance characteristics of continuous invasive compartment 
pressure monitoring and those of clinical symptoms/signs are found in Table 5.4. 
Our centre has reported on a series of 850 adult patients with an acute tibial shaft 
fracture using a slit catheter technique in the anterior compartment of the leg and a 
diagnostic pressure threshold differential (AP) of less than 30 mmHg for more than 
2 hours as indication for fasciotomy [87]. We reported high diagnostic performance 
characteristics, with 11 false-positive cases and 9 false-negative cases. In order to 
attain comparable characteristics to these, Ulmer et al. found in their systematic 
review of clinical assessment that three clinical signs are needed, with the third 
being paralysis — a sign associated with irreversible damage to the muscle [15]. 
Symptoms and signs in isolation were also found to perform poorly and are known 
to be better at ruling out rather than confirming the diagnosis (Table 5.4). 


Limitations and Pitfalls 


ACS continues to be a catastrophic complication and is associated with significant 
patient morbidity and high litigation costs [11, 92]. A review from Canada over a 
10-year period reported that 77% of plaintiffs had permanent disability and 55% of 
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cases had a judgement for the plaintiff or an unfavourable decision for the physician, 
with the primary clinical issue a delay or failure to diagnose ACS [92]. Despite all 
this evidence highlighting the issues with a delay in the diagnosis, there remains an 
extraordinary lack of consistency in the clinical assessment of the condition [93, 94]. 

A key limitation of the literature on ACS is how we define the time of onset of acute 
compartment syndrome (e.g. when the diagnosis was made), as well as the time to 
fasciotomy. In the acute trauma clinical setting, authors have suggested that the time to 
fasciotomy is best determined as the point from admission as this is the most likely 
easily definable moment in the patient journey [4, 32, 51]. The obvious exception to this 
is crush syndrome, as the nature of the diagnosis is associated with a prolonged period 
of compression that makes it almost impossible to determine the exact time of onset. 

The current data is also deficient in good quality prospective mid-term and long- 
term outcome data on the efficacy of compartment pressure monitoring, as well as 
the outcome of fasciotomy and ACS. There is also very little literature reporting on 
the various diagnostic performance characteristics for the pressure measurement 
techniques available, nor for the diagnostic protocols associated with these. Much 
of the data in the literature relates to adults and the lower leg. More data is needed 
on ACS in adolescent patients, as well as for other areas of the body. This would 
potentially then allow us to establish the indications, thresholds and protocols for 
using pressure monitoring in these patient groups. In children, given the normally 
lower diastolic pressure in this patient group, the mean arterial pressure (MAP) 
might be a preferred option when calculating the differential pressure [95]. 

Finally, one of the key problems with the current literature on the diagnosis of 
ACS is the absence of an agreed gold-standard reference. Given the incidence is 
known to be below 30% [21-23], routine statistical methods are not likely rigorous 
enough. Alternative methods such as latent class analysis and Bayes theorem are 
required to accurately calculate the diagnostic performance characteristics of the 
various methods used. 


Future Directions 


Given the superior published diagnostic performance characteristics of continuous 
pressure monitoring when compared to clinical symptoms and signs, a clinical diag- 
nosis alone of ACS we feel should not be the gold standard. Continuous pressure 
monitoring is of benefit in all patients at risk of developing ACS, and universally 
clear and accepted clinical guidelines are needed to allow the early diagnosis in all 
units managing acute trauma patients. This would, most probably, result in the sin- 
gle biggest advance in the management of the condition. Clearly, the ultimate goal 
would be a sufficiently powered large multicentre prospective randomised con- 
trolled trial of the clinical signs of ACS versus continuous pressure monitoring. 
However, the ‘Hawthorn effect’ comes into play here due to the probability of modi- 
fying what is normal day-to-day clinical practice, due to the predictable improve- 
ment in the frequency and rigour of the clinical assessment for such a trial. 
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The role of non-invasive compartment pressure measurements and those measuring 
blood flow continue to be investigated in the literature [96]. The potential advantages 
are without question, but the utilisation of these techniques is thus far not been suffi- 
ciently validated in the literature. Near-infrared spectroscopy utilises a probe placed on 
the skin to determine the degree of oxygenated haemoglobin in the muscle tissues 
[97—100]. It has been shown to correlate well with tissue pressures from experimental 
data [97], as well as in healthy human volunteers [98]. The role of ultrasound scanning 
to detect waveforms associated with displacement of the fascia by the arterial pulse 
continues to be unclear. There has been investigations trying to correlate compartment 
pressure readings of greater than 30 mmHg with fascial displacement in healthy vol- 
unteers, with the reported sensitivity 77% and specificity 93% [101]. The clear limita- 
tion of this technique is the likely reduction in sensitivity for the hypotensive patient. 

Methods to prevent or reduce the effects of ACS are also potential areas for 
future work. Research has already started on methods to reduce the compartment 
pressure with the administration of intravenously hypertonic fluids [102], but these 
have never been successful clinically. Nevertheless, an experiment on human sub- 
jects using tissue ultrafiltration to remove fluid from the compartment has been 
shown to reduce compartment pressure [103, 104]. Whether this technique can be 
useful clinically remains to be seen. There is also work on the potential role of anti- 
oxidants on the outcome of ACS with some promising findings reported [105], with 
extension into human studies the next step. 


Take-Home Message 

e Pain is documented as the index sign associated with the development of 
acute compartment syndrome. However, clinical symptoms and signs in 
isolation are reported to have inadequate diagnostic performance charac- 
teristics, with the sensitivity ranging from 13% to 54% for each in the 
literature. 

e Continuous invasive intra-compartmental pressure monitoring has been 
reported to have superior diagnostic performance characteristics with a 
high estimated sensitivity (94%) and specificity (98%) for the diagnosis of 
ACS when using a slit catheter technique and a differential pressure thresh- 
old of 30 mmHg for more than 2 hours. 

e Continuous pressure monitoring should be utilised as a diagnostic adjunct 
in all patients at risk of developing ACS, with youth the key risk factor and 
tibial diaphyseal fractures the most common precipitating injury identified 
in the literature. 

e Patients and surgeons need to acknowledge that when using compartment 
pressure monitoring for diagnosing ACS, the risk should inevitably lean 
towards an unnecessary fasciotomy (false positive) rather than a missed 
ACS (false negative). 

e Future non-invasive techniques of calculating tissue perfusion via blood 
flow or pH remain areas of future research, along with interventions that 
can potentially reduce the effects of ACS. 
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Chapter 6 A 
Limitations of Pressure Measurement Cheek for 


David J. Hak and Cyril Mauffrey 


In 1975, Matsen identified increased compartment pressure as the unifying and cen- 
tral pathogenic factor in compartment syndrome [1]. At that same time, Whitesides 
published a method for tissue pressure measurement [2]. While pressure is an 
important factor in compartment syndrome, the more important factor is cellular 
ischemia. Tissue ischemia is the critical factor in compartment syndrome, but at 
present we do not have a method of assessing the severity and duration of tissue 
ischemia. Compartment pressure measurement has therefore been used as a surro- 
gate measure of tissue ischemia. 

While many clinicians believe the diagnosis of compartment syndrome is a clini- 
cal diagnosis based on injury history and physical examination findings, there are 
circumstances in which compartment pressure measurement is a useful adjunct 
diagnostic test. These include patients in whom a clinical exam is not feasible or is 
not reliable such as the unresponsive patient with associated high-risk injuries. 
Compartment pressure measurement is also typically recommended when a patient’s 
clinical examination findings are unclear. This could include a situation where 
motor paralysis or sensory changes are present due to a direct nerve injury. Severe 
and increasing pain is felt to be the most important finding in diagnosing compart- 
ment syndrome, but expression of pain severity can vary greatly among patients. 
Compartment pressure measurement can help rule out compartment syndrome in 
the patient who expresses an extremely high level of pain despite a clinical scenario 
of an injury not suspected to result in compartment syndrome. 

There are numerous limitations in the use of compartment pressure measurement 
to diagnose and make treatment decisions in patients at risk for compartment syn- 
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drome. There is no agreement on a specific pressure value for the diagnosis of 
compartment syndrome. Different tissues and different individuals have a variable 
response to elevated compartment pressures [3]. Measurement of a single pressure 
does not allow a clinician to assess the degree of ischemia, since the time course of 
pressure elevation is unknown. In addition, measurement inaccuracies are common 
due to technical errors, and pressures can vary greatly based on the location of the 
measurement with respect to the fracture location. Therefore, most authors indicate 
that pressure measurements must be correlated with the clinical situation and physi- 
cal examination findings. 


The Problem of Defining a Pressure Measurement 
Threshold Value 


Various absolute pressure measurements were initially recommended as a threshold 
for the diagnosis of compartment syndrome. In 1978, Mubarak recommended an 
absolute threshold value of 30 mm Hg [4]. He based this value on the findings that 
normal muscle capillary pressure is 20-30 mm Hg in cats and dogs, and because 
clinically pain and paresthesia first appeared around 30 mm Hg in patients undergo- 
ing tibial osteotomy. The authors noted that when compartment pressure is >30 mm 
Hg, capillary pressure is not sufficient to maintain muscle capillary blood flow, stat- 
ing that, “We believe therefore that it is prudent to use a value close to the capillary 
blood pressure (20-25 mm Hg) as a criteria for decompression.” While the authors 
recommended 30 mm Hg as a threshold, they did note that there is no single correct 
pressure for all individuals. They also noted that some of their patients with pres- 
sures of 30-40 mm Hg might well have recovered without fasciotomy. They further 
indicated that, “A spectrum of critical pressure exists depending on many variables, 
including the measurement technique used.” 

A higher absolute pressure threshold of 45 mm Hg was suggested by a clinical 
study of 30 patients at risk for compartment syndrome in which it was noted that 
all patients who had maximum compartment pressures of 45 mm Hg or less did 
not require fasciotomy and demonstrated no residual of a missed compartment 
syndrome at follow-up [5]. The authors noted that, “Perhaps the most significant 
observation in this series of patients was that individuals varied in their tolerance 
for increased tissue pressure. Thus, there was a range of intracompartmental pres- 
sures in which some patients demonstrated neuromuscular deficits while others 
did not.” The authors indicated that they currently used a tissue pressure in excess 
of 45 mm Hg as a relative indication for surgical decompression, assuming a nor- 
mal blood pressure, blood volume, and peripheral vascular system, but also noted 
that these indications must be tempered by the patient’s overall condition and 
the trend of the symptoms, signs, and pressure measurements. The authors high- 
lighted the difficulty in selecting an absolute threshold value for fasciotomy, not- 
ing that, “The concept of a critical pressure above which surgical decompression 
should be performed is of limited value. If a low value is selected as a critical pres- 
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sure, all patients with significant compartmental syndromes would certainly be 
included. Yet it is likely that surgery would be performed in a number of patients 
who would have no significant functional losses without such intervention.” 

Whitesides introduced the concept of a differential pressure threshold that is 
widely accepted today. He noted that in the clinical use of pressures, the compart- 
ment pressure should be evaluated in association with the patient’s diastolic blood 
pressure [2]. Note that, “Ischemia begins when pressures rises to within 10-30 mm 
Hg of the diastolic blood pressure. Fasciotomy should usually be performed when 
the tissue pressure rises to within 10-30 mm Hg of the diastolic pressure in a patient 
with any of the other signs or symptoms of a compartmental syndrome.” This con- 
cept of differential threshold helps explain the variable tolerance in absolute pres- 
sures noted by other authors. A patient with an elevated diastolic pressure can 
tolerate a greater elevation in compartment pressure without experiencing ischemia, 
while a hypotensive patient may develop tissue ischemia with a much lower eleva- 
tion of their compartment pressure. 

McQueen and Court Brown monitored the anterior compartment pressures in a 
prospective study of 116 patients with tibial fractures using an indwelling slit cath- 
eter and followed them to look for sequelae of missed compartment syndrome [6]. 
Three patients whose differential pressure was <30 mm Hg required a fasciotomy. 
They reported that had an absolute pressure value of 30 mm Hg been used, 43% of 
the patients would have had an unnecessary fasciotomy. Using a differential thresh- 
old pressure (AP) of <30 mm Hg compared to the patient’s diastolic blood pressure 
as the indication for fasciotomy resulted in no cases of missed compartment syn- 
drome. However, the actual duration of the decreased differential threshold pressure 
in the 3 patients that underwent fasciotomy was not clearly stated. In a larger retro- 
spective series of 850 patients, McQueen and colleagues reported on their use of a 
differential pressure threshold of <30 mm Hg (AP < 30 mm Hg) for greater than 
2 hours as the criteria for diagnosis of compartment syndrome [7]. The diagnosis of 
compartment syndrome was considered to be correct if surgeons noted the escape of 
muscles at fasciotomy along with muscular color change or necrosis, while they 
considered the diagnosis of compartment syndrome incorrect if it was possible to 
primarily close the fasciotomy wounds within 48 hours of the fasciotomy. They 
calculated that the use of a AP < 30 mm Hg for greater than 2 hours has a sensitivity 
of 94%, a specificity of 98%, a positive predictive value of 93%, and a negative 
predictive value of 99% for the diagnosis of compartment syndrome [7]. 

In contrast, Janzing and Broos performed a prospective study of 95 patients in 
which they measured the anterior compartment pressures for 24 hours in 95 con- 
secutive patients with tibial fractures and followed the patients for 1 year [8]. 
Eighteen patients were found to have developed compartment syndrome, including 
14 patients that underwent fasciotomy and 4 patients that were found to have resid- 
ual symptoms at follow-up such as toe contractures, hypoesthesia, and muscle 
weakness. They found wide overlap in the values of the differential pressure between 
patients with and without the diagnosis of compartment syndrome. While 19% of 
patients were diagnosed with compartment syndrome, had they used a AP of 
<30 mm Hg, 45.4% of patients would have been diagnosed with compartment 
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syndrome. They found wide overlap in the values of the differential pressure 
between patients with and without the diagnosis of compartment syndrome. These 
authors concluded that there did not seem to be a threshold value with an acceptable 
combination of specificity and sensitivity for the diagnosis of compartment syn- 
drome and cautioned that using a AP < 30 mm Hg could result in unnecessary fas- 
ciotomies. The authors noted the dilemma faced when identifying a threshold for 
the diagnosis of compartment syndrome using pressure measurement. They could 
choose a criterion with high specificity but that would risk missing patients with a 
compartment syndrome, or they could choose a criterion with high sensitivity which 
would result in patients undergoing unnecessary fasciotomies. 


The Problem of a Single Pressure Measurement 


A single measurement of compartment pressure with a single data point provides 
only limited information. It does not provide information about what the pressure 
was in prior hours, and it does not predict what the pressure may be during subse- 
quent hours. As such, a single elevated pressure measurement may not accurately 
reflect the presence or duration of any actual ischemic changes within a 
compartment. 

Investigators studied 46 patients with 48 tibial fractures without clinical suspi- 
cion of compartment syndrome and measured pressure in all four compartments 
after the induction of anesthesia [9]. They did not perform any fasciotomies regard- 
less of the pressure measurements, and at 6 months postoperatively, none of the 
patients displayed evidence of a missed compartment syndrome. When they com- 
pared the compartment pressure measurements with the patient’s preoperative dia- 
stolic blood pressure, 35% of cases had a AP < 30 mm Hg. Twenty-four percent of 
cases had a AP < 20 mm Hg, and 22% had absolute pressure > 45 mm Hg, yet none 
of these patients underwent fasciotomy and none developed sequela of a missed 
compartment syndrome. These investigators concluded that a one-time measure- 
ment of compartment pressure overestimates the rate of compartment syndrome and 
may lead to unnecessary fasciotomy. Using the criteria of AP < 30 mm Hg in 
patients without clinical symptoms to diagnose compartment syndrome would lead 
to a 35% false-positive rate. 

O’Toole and colleagues have reported a wide variation in the rate of diagnosis 
and treatment of compartment syndrome among academic traumatologists practic- 
ing at the same level I trauma center [10]. In a review of 386 patients with tibia 
fractures, the diagnosis of compartment syndrome between different surgeons 
ranged from 2% to 24% (p < 0.005). Equally noteworthy was that a similar variation 
was seen in the surgeon’s use of compartment pressure measurement, which seemed 
to approximately parallel their rate of compartment syndrome diagnosis. While this 
study did not examine the medicolegal aspects of compartment syndrome, there is a 
general sense that once compartment pressures are measured, there is a low thresh- 
old for proceeding with a fasciotomy. 
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The Problems of Measurement Accuracy 


Numerous studies have examined the accuracy of compartment pressure measure- 
ment. These studies have examined the type of needle used, the technique, and the 
location of pressure measurement. 

Investigators compared three types of needles in a canine mode of acute com- 
partment syndrome [11]. Needles tested included a standard end bore needle, a 
side-posted needle, and a slit catheter. A concern regarding the use of a standard 
bore needle is that a soft tissue plug within the needle can prevent accurate pressure 
measurement. They found no statistical difference between slit catheter and side- 
ported needle. However, standard end bore needle measurements were consistently 
higher than the other two methods (p < 0.001). 

Overestimation of compartment pressure measurements with standard end bore 
needles was also confirmed in another study [12]. This study, which compared use 
of a commercial pressure monitor (Stryker, Mahwah, NJ), arterial line monitor, and 
the technique using IV tubing as described by Whitesides, found that the Whitesides 
technique had the highest standard errors and provided clinically unacceptable scat- 
ter in its measurements. 

Dr. Whitesides rebutted the reported unacceptable reliability with a standard 
bevel-tipped needle and the Whitesides technique, stating that this finding was con- 
trary to his cumulative clinical and research experience. He indicated that when 
properly used with a small required saline flush to assure a fluid continuum between 
tissue and the pressure monitor, this technique had acceptable accuracy [13]. They 
performed simultaneous testing of three different devices (slit catheters, side ported 
needles, and standard 18-gauge end bore bevel-tipped needles) in the same area of 
fusiform muscle against increasing intramuscular pressure using the same trans- 
ducer and monitor and reported that the side-ported needle, slit catheter, and stan- 
dard 18-gauge bevel-tipped needle were statistically equivalent. 

In his original description of compartment pressure measurement, Whitesides 
used a 1.25 mm capillary tube, while current technique typically uses IV tubing 
that has an internal diameter of 3 mm. This difference in diameter makes it more 
difficult to differentiate a flat versus a convex versus a concave fluid meniscus 
during the pressure measurement. when using the 3 mm internal diameter IV tub- 
ing. If an electronic transducer is not available for pressure measurement, 
Whitesides and colleagues recommended averaging several consecutive saline 
measurements. 

Investigators have also highlighted technical problems associated with the mea- 
surement of compartment pressures [14]. In this study, a consistent model of lower 
leg compartment syndrome was created in cadaveric specimens. Thirty-eight physi- 
cians, including residents, fellows, and attending physicians, were observed while 
they measured the four compartments of the lower leg using a commercial compart- 
ment pressure measurement device. Only 31% of the measurements were performed 
using the correct technique. In 39% of the measurements, there were minor errors 
in the technique. Minor errors included failure to maintain the angle of insertion 
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after zeroing, failure to use the proper amount of saline for flushing, and inconsistent 
zeroing between each measurement. In the remaining 30% of measurements, par- 
ticipants made catastrophic errors. These included failure to properly assemble the 
components of the monitor, not flushing the air from the syringe/transducer appara- 
tus, failure to zero the monitor before insertion, zeroing the monitor under the skin, 
and failure to insert the needle into the correct anatomic space. 

Of the 31% of measurements performed using the correct technique, only 60% 
were with 5 m Hg of the known compartment pressure. Of the 39% of measure- 
ments made with minor errors in technique, only 42% were with 5 m Hg of the 
known compartment pressure. Of the 30% of measurements made with catastrophic 
errors, only 22% were with 5 m Hg of the known compartment pressure. 

The investigators concluded that errors are common in compartment pressure 
measurement. While proper technique improved accuracy, only 60% of these mea- 
surements were with 5 m Hg of the known compartment pressure. Given their find- 
ings, the investigators cautioned that measurement accuracy should not be assumed 
and reported measurements viewed as within a range of values rather than as an 
absolute value. 

Another group of investigators compared three measurement methods in 26 
patients with suspected compartment syndrome, measuring 97 muscle compart- 
ments in 31 injured limbs. The measurement methods used were a modification of 
Whitesides’ needle manometer technique using a straight 18-gauge needle with a 
central venous pressure monitor, an electronic transducer-tipped catheter (Depuy 
Synthes, West Chester, PA), and a solid-state transducer intracompartmental cathe- 
ter (Stryker, Mahwah NJ) [15]. The overall intraclass correlation coefficient for the 
three methods was 0.83 (range 0.77—0.88), indicating only satisfactory agreement. 
The mean difference among measurements in each compartment was 8.3 mm Hg 
(range 0-51 mm Hg), while 27% showed major differences that exceeded 10 mm 
Hg. The authors concluded that the methods were similar but not completely reli- 
able for measuring compartment pressure. They emphasized that while all methods 
appeared useful as aids in diagnosis of compartment syndrome, compartment pres- 
sure data, especially single readings, must be interpreted in view of clinical find- 
ings. They recommended that no single pressure measurement be used as the 
primary determinant in individual decisions for or against fasciotomy and empha- 
sized that specific values must be considered in the context of the patients’ overall 
clinical picture. 

Another factor that influences the measured compartment pressure value is the 
location of the measurement with respect to the fracture. Compartment pressures 
were measured at the level of the fracture and at 5 cm increments proximally and 
distally in 25 consecutive patients with closed tibial fractures [16]. The peak com- 
partment pressure was usually found at the level of the fracture and was always 
located within 5 cm of the fracture site. The measured pressures decreased progres- 
sively at increasing distances proximal and distal to the site of the highest pressure 
measurement. Most notably, decreases of 20 mm Hg were common just 5 cm adja- 
cent to the site of the highest pressure measurement. 
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Chapter 7 A 
Fasciotomy: Upper Extremity gete 


Kyros Ipaktchi, Jessica Wingfield, and Salih Colakoglu 


Background 


e Early fasciotomy is the standard of care for upper extremity compartment syn- 
drome (UECS) and may prevent the development of irreversible contractures of 
forearm and hand musculature, a pathology initially described by Volkmann [1]. 
Compartment syndrome (CS) is a feared orthopedic complication and a common 
cause for permanent functional damage and limb loss as well as one of the most 
common causes for litigation in orthopedic surgery [2, 3]. 

e CS of the forearm is the second most common cause of CS in the extremities 
given the injury proneness of the upper extremity and hand as a prime organ of 
prehension and grasp [4]. Given this important physiologic function, one can 
argue that the functional loss due to an established CS is higher than that of the 
lower extremity. 

e For UECS, a high level of alertness to clinical symptoms such as pain to passive 
stretch and increasing pain or analgesic requirements is key to not miss the diag- 
nosis in the alert patient. 

e UECS shares common etiologies for CS seen in other body areas: either an exter- 
nal reduction of CS size such as external pressure from casts, dressings, and 
gravity or increase in compartmental size as seen in bleeding and fracture dis- 
placement, microvascular barrier damage in ischemia, burn injury, and envenom- 
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ations [4]. Several additional etiologies are pertinent to UECS such as iatrogenic 
extravasations of intravenous fluids, upper extremity arterial catheterizations [5], 
and electrical trauma [6]. 

e UECS is most commonly encountered in the forearm, which has three desig- 
nated compartments (i.e., the lateral (mobile wad), the dorsal extensor, and the 
volar) of which contains the bulk of muscle mass in the flexor compartment. 
There are ten designated hand compartments which can be affected in hand com- 
partment syndrome as seen, for instance, in crushing injuries (exploded hand 
syndrome), fractures and dislocations, as well as extravasations. 

e When performing fasciotomies for UECS, special emphasis must be placed 
to decompress the muscles of the deep flexor compartment due to their non- 
redundant blood supply which makes them especially prone to ischemic 
damage [7]. 


Recommendations 
Pathophysiology 


Compartment Syndrome is a result of tissue ischemia which arises from a reduction 
of the pressure gradient between the vascular bed and the surrounding soft tissues 
which can become pressurized due to intracompartmental pressure rise or external 
pressure [8]. 

The severity of a CS has been described by several authors as dependent on time 
and amount of pressure as well as the degree of tissue injury [4]. Recommendations 
are to differentiate separate phases of CS, which may help guide treatment [4]. As 
such, pending nonestablished CS can be differentiated from the acute, reversible CS 
(within 8 hrs of trauma), and acute irreversible CS (later than 8 hrs). This is sepa- 
rated from late established CS and even later in the upper extremity Volkmann’s 
contracture as a sequelae of CS. Independent from these acute traumatic conditions, 
chronic exertional CS can be seen as its own entity with different treatment 
modalities. 


Diagnosis 


Given the importance of early intervention before irreversible damage has incurred, 
the diagnosis of CS in the upper extremity relies primarily on the recognition of 
clinical scenarios where a CS can be expected in combination with detection of 
early clinical signs such as pain to stretch — increasing pain out of proportion and 
increased analgesic needs. The classic signs of compartment syndrome (“5 or 6 Ps”) 
included late irreversible changes and are not recommended in diagnosing early 
compartment syndrome [9]. 
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Pressure measurements — especially in the obtunded patient — remain an important 
adjunct to CS diagnosis. The absolute pressure theory as described by Matsen has 
been replaced by differential pressure models in which fasciotomy is indicated when 
the delta pressure, measured as the difference between the compartmental pressures 
and arterial or venous blood pressures, falls to 30 and 20 mmHg, respectively [10]. 

When using pressure measurement devices, the higher accuracy of side port or 
slit catheters as compared to straight catheters has been pointed out [11]. In addi- 
tion, it was shown that pressures measured within a single compartment can vary 
significantly with regard to distance to fracture site [12]. So standardization of mea- 
surement methods and sites is recommended for repeat measurements. With regard 
to the most commonly affected deep flexor compartments in UECS, safe techniques 
for pressure measurement have been described [13]. 


Treatment 


Close observation with documented hourly repeat exams of a patient with concerns 
for a pending CS is mandatory. This includes removing all constrictive dressings 
and tight splints. As the provision of tissue oxygenation is key to prevention of a CS, 
medical optimization of a patient is of paramount importance. This includes full 
resuscitation, optimization of blood pressure and oxygenation, as well as keeping 
the extremity at slight elevation (heart level). Further elevation will reduce perfu- 
sion pressures, reduce differential pressures, and thereby increase tissue damage. 

If medical optimization is unsuccessful or the patient presents with an acute CS, 
fasciotomy must be performed as emergent procedure to decompress tissues and 
salvage tissue function. 

General recommendations for the upper extremity are similar to concepts of fas- 
ciotomy elsewhere in the body in that surgical decompression must be performed 
through adequate incisions which parallel the length of the fasciotomy incisions. 
Care must be taken not to add morbidity by injuring cutaneous branches in the fore- 
arm (e.g., MABC/LABC) and to decompress all components of the compartment. 
Given the importance of maintaining joint motion in the upper extremities and pro- 
tecting important neurovascular bundles which could be exposed by nonjudicious 
incisions, recommendations are to perform curvilinear incisions and to avoid cross- 
ing flexion creases in a straight fashion. 

At the brachium level, three compartments are described: the volar (anterior) 
compartment containing the biceps and brachialis and coracobrachialis, which is 
released through an anterior or anterolateral approach, the posterior compartment 
with the three heads of the triceps, and the deltoid compartment — the latter two can 
be decompressed through a posterolateral approach taking care to release the tight 
epimysium of the deltoid compartment. 

In the more common forearm compartment syndrome, care must be taken to 
decompress both the superficial and deep components of the volar flexor compartment. 
This includes the investing fascia of individual fascial compartments in the deep 
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flexor muscles (PQ, FDP, FPL). Proximally, the lacertus fibrosus must be released as 
a possible site of compression as well as distally the carpal tunnel. The dorsal exten- 
sor compartment is approached through a dorsal midline straight incision — the 
mobile wad can usually be released via either the volar or dorsal approaches. 

When releasing the forearm, consideration to progressive swelling-induced 
exposure of released neurovascular bundles must be taken into account. While the 
standard extended Henry type of release with Brunner style zigzag extension into 
the carpal tunnel and antecubital fossa may be adequate, flap creating exposures 
which maximize a radial-based forearm flap and ulnar to radial dissection across the 
flexor crease of the wrist may optimize median nerve coverage as well as preserve 
the option for later radial artery-based flap coverage in complex soft tissue defects 
of the hand. Specific injury patterns such as burn or electrical trauma may need 
additional release of eschar and neurovascular bundles. 

For compartment syndromes of the hand and fingers, standardized incisions are 
necessary to minimize morbidity given the tight skin envelope and complex ana- 
tomical content of these compartments. On the volar side, longitudinal incisions 
paralleling the radial and ulnar border of thenar and hypothenar eminences are 
described to optimize the release of these muscle compartments and protect neuro- 
vascular bundles. Commonly, carpal tunnel releases for UECS are performed as 
extensile approaches to connect to the forearm fasciotomy but can also be done in 
isolation, in which case the carpal tunnel must be released 4—5 cm into the volar 
forearm fascia. On the dorsal side, the release of the interosseous spaces is usually 
performed via two longitudinal incisions overlying the first and second as well as 
third and fourth interosseous spaces. These incisions parallel the metacarpal shafts, 
and care must be taken to preserve a wide enough skin bridge. When releasing fin- 
ger compartments, additional morbidity by accidentally damaging dominant sen- 
sory nerves must be avoided. As such, radial incisions are performed on the thumb 
and index finger and ulnar incisions on the index long and ring fingers. These uni- 
lateral, midaxial incisions traverse the Cleland ligament — the dorsal roof of the 
neurovascular bundle — and thus release compression around these structures. 

After fasciotomies for UECS, special care must be taken to ensure functional 
rehabilitation is started soon. This includes splinting the extremity (especially hand) 
in a functional position in the operating room and starting with early therapy includ- 
ing edema care and coverage once second look procedures confirm a viable wound 
bed [14]. Early coverage of important functional units takes precedent and can 
include flap and/or skin graft coverage as well as dynamic wound closure tech- 
niques. In all instances, the creation of a secondary iatrogenic compartment syn- 
drome by overly tight closing compartments must be excluded [6]. 


Limitations and Pitfalls 


Unfortunately, the correct diagnosis and early treatment of every CS at a function 
recoverable stage appears to be still an elusive target. This may be explained by 
the complex multifactorial etiology of CS and the progressive nature of the 
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disease which can be easily missed unless there is accurate documentation and 
standardized handover between care teams. 

The fear of delayed fasciotomies and the possible risk of adverse outcomes to 
patients as well as litigation to institution and provider may result in an overly 
broad indication of fasciotomies which if done improperly can add significant mor- 
bidity to an already traumatized limb [15]. This concern may be especially appli- 
cable to the noncooperative, obtunded patient as well as in the young pediatric 
populations where it may be difficult to elicit clinical signs of CS. It is not surpris- 
ing that especially in the pediatric patient population, there is a higher rate of plain- 
tiff verdicts [2]. 

From a legal perspective, one of the main concerns and causes for successful 
plaintiff verdicts in the treatment of CS appears to be a late release of an established 
CS defined as later than 8 hrs post documentation of a CS [16]. At this point, it 
becomes easier for the plaintiff counsel to argue that the incurred damage was due 
to the late intervention and independent of a prior trauma [2]. While late interven- 
tion is a common pitfall seen in CS, also in the upper extremity, a common pitfall 
lies in the inadequate release of a CS. This can be seen in failure to release adjacent 
structures which can be affected by CS — here the incomplete release of neurovas- 
cular bundles in the AC fossa and carpal tunnel need to be stressed. Also the failure 
to completely release deep flexor compartments in the forearm and inadequate inci- 
sions across flexor creases commonly result in avoidable morbidity. Of special legal 
concern is the occurrence of an iatrogenic CS, which in the setting of an upper 
extremity surgery can be seen after tight fascial closures of forearm fractures or 
attempts of early closure of fasciotomy incisions. The release of established and 
irreversible CS is associated with high infection rates and limb loss and does not add 
benefit [17]. Here consideration for a midterm release of forearm and hand contrac- 
tures should take precedent [18]. 


Future Directions 


While fasciotomies appear to remain the standard surgical treatment for established 
CS, standardization of technique to minimize morbidity is an ongoing effort. 

Future research is directed at improving diagnostic tools and minimizing delays 
in treatment as well as optimizing wound care to facilitate early closure to prevent 
secondary limb injuries [19]. 

Similar to the active research of breakthrough pain in cancer patient care [20], a 
future research direction may be aimed toward improved and possibly automated 
detection of inadequate analgesia as an early sign of evolving CS. Going one step 
further, earlier research demonstrated that predictive algorithms can be developed to 
alert clinicians to the heightened risk for developing a CS [21] in patients with spe- 
cific injury diagnosis and scenarios such as increased blood loss, vascular injury, 
and open fractures. While this may seem trivial to the specialized clinician, missed 
compartment syndromes continue to occur, and every option to prevent these should 
be utilized. 
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There is ongoing research into the development of improved pressure sensors as 
well as combined sensors for tissue pH, muscle microvascular blood flow, and oxy- 
genation [22—24]. This includes measuring perfusion pressure with photoplethys- 
mography and near-infrared spectroscopy-pH probes [23]. An interesting novel but 
experimental method is the use of ultrafiltration catheters to measure in real time the 
accumulation of muscle injury markers such as CK and LDH [25]. 

It appears possible that advances in these different diagnostic avenues can 
improve our skills in rapid detection and treatment of the CS at an early stage. 


Take-Home Message 

e Surgeon must be alert to possible development of a compartment syn- 
drome even before clinical symptoms have set in and in certain circum- 
stances perform prophylactic fasciotomies (high energy segmental 
fractures, ischemia-reperfusion trauma, obtunded patients). 

e The deep flexor muscles of the forearm are especially injury prone to isch- 
emia and compressive damage due to more limited vascular supply (angio- 
some concept) and separate investing fascia. 

e Inelectric trauma and burn injury, perform separate release of neurovascu- 
lar structures and constricting eschar. 

e Any diagnosed CS needs emergent fasciotomy. This procedure must be 
performed in a standardized way to protect key functional structures (e.g., 
NV bundles, tendons, and joints). In the upper extremity, special care must 
be taken to protect these structures from prolonged exposure and second- 
ary compression due to swelling of fasciotomy flaps or compression from 
unreleased fascial septal structures including the bicipital aponeurosis. 

e Early functional rehabilitation including splinting and compression ther- 
apy is essential in the treatment of upper extremity compartment syndrome 
and must start after fasciotomy. 

e Communication of all team members nursing staff, resident team, and pro- 
vider is essential to avoid delay in care. All findings must be documented 
and closely monitored in cases of suspected but not established compart- 
ment syndromes. 
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Chapter 8 A 
Compartment Syndrome of the Lower ges 
Extremity 


Cody M. Tillinghast and Joshua L. Gary 


Introduction 


Acute compartment syndrome is a surgical emergency that can threaten life and the 
limb. Moreover, lower extremity compartment syndrome is most commonly associ- 
ated with high-energy mechanisms of injury; however, a high index of suspicion 
should be maintained with low-energy or penetrating trauma, vascular or crush inju- 
ries, and prolonged periods of immobility. Rare presentations are even documented in 
association with diabetes mellitus, hypothyroidism, malignancy, viral-induced myosi- 
tis, nephrotic syndrome, and bleeding disorders [1]. Most practitioners associate lower 
extremity compartment syndrome with the leg, but other sites including the buttock, 
thigh, and foot can develop the same pathology. Serial physical examinations by an 
experienced provider remain the best tool for accurate diagnosis, while intramuscular 
compartment pressure measurements are best used as an adjunct especially when a 
complete physical examination is not possible. Compartment syndrome, unlike many 
musculoskeletal conditions, is much easier to treat than to accurately diagnose. Prompt 
fasciotomies with release of all involved muscular compartments prevent the life- and 
limb-threatening sequelae of a missed compartment syndrome. Although fasciotomies 
are associated with increased blood loss and elevated risk of infection and commonly 
require split-thickness skin grafts in lieu of closure, they prevent irreversible ischemic 
tissue loss and potential for lifetime disability. We hope the reader uses this chapter to 
assist in diagnosis and treatment of patients with potential compartment syndrome. 
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Pathophysiology 


Compartment syndrome is the result of fascial compartment pressures surpassing 
perfusion pressure, causing tissue ischemia and eventual necrosis [2]. After a local 
insult, traumatic or others, volume increases to a compartment from bleeding or 
inflammation, leading to the onset of local tissue edema as a result. Fascial compart- 
ments in the body have finite volumes with limited ability for elastic expansion, so 
pressure levels correspondingly increase. Heightened tissue pressure corresponds 
with an increase in venous pressure, thus decreasing the arteriovenous gradient. As 
this gradient decreases, microvascular flow through capillaries falls, and inadequate 
perfusion of the tissue eventually results, causing ischemic changes to the tissues. 
Permanent damage to muscle tissue may result shortly after 4-8 hours of ischemia 
[3, 4]. Anoxic damage to endothelial cells results in further increases to vessel wall 
permeability that, along with decreased venous outflow, perpetuates the local edema 
and pressure increases. Eventual muscle necrosis leads to the release of myoglobin 
into the blood with associated metabolic acidosis and hyperkalemia. Severity is 
based on extent of muscle compartments involved and duration of the ischemic 
changes. The worst of cases may potentiate cardiac arrhythmias, renal failure, 
shock, or hypothermia. Fasciotomies remove the volume limitations to the compart- 
ment, drastically altering the pressure gradients with the goal of restoring tissue 
perfusion. 


Medical Management and Missed Compartment Syndromes 


All patients presenting after high-energy mechanisms of injury should be promptly 
evaluated using Advanced Trauma Life Support (ATLS) protocols to identify and 
treat life-threatening injuries [5]. Patients presenting after prolonged immobiliza- 
tion should be evaluated according to their signs and symptoms. Ischemic reperfu- 
sion events can occur following vascular injuries or prolonged compression events. 
Bywater’s or crush syndrome is a traumatic rhabdomyolysis where cellular necrosis 
from a crush injury results in increased serum myoglobin and potassium, leading to 
acidosis and kidney failure [6]. Fluid resuscitation with consideration of added 
sodium bicarbonate helps to dilute increased myoglobin and urea concentrations 
from muscle necrosis and counteract the associated metabolic acidosis, thereby lim- 
iting acute tubular necrosis and renal dysfunction [6]. 

A Foley catheter is recommended to ensure adequate fluid resuscitation and 
monitor renal failure. Dark, tea-colored urine is suggestive of myoglobinuria and 
ongoing rhabdomyolysis [6]. Serial serum myoglobin levels may also be of benefit 
for diagnosis and guidance of need for ongoing fluid resuscitation [7]. Myoglobin 
levels may be elevated in trauma patients without acute compartment syndrome, 
especially those with muscle injury at multiple sites throughout the body. Increasing 
levels of myoglobin with declining renal function should alert the provider that 
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muscle necrosis is ongoing and prompt fasciotomy with debridement of necrotic 
muscle, while decreasing myoglobin levels can be reassuring to the provider. 

A type and screen for potential blood transfusion is recommended as patients 
who undergo fasciotomy often bleed from the injured tissues, open wounds, and/or 
negative pressure wound therapy (NPWT). Blood transfusion should also be an 
early component of the resuscitation of the trauma patient in shock [8]. 

Missed compartment syndromes provide a treatment conundrum for the surgeon 
as opening a closed necrotic compartment may introduce a significant risk for deep 
infection and its sequelae. These are usually patients who have had ongoing pain for 
several hours that spontaneously resolves without fasciotomy. Neurologic and 
potential vascular compromise results in soft tissue death and potential limb loss. 
However, it is difficult for the surgeon to know if some muscle in the compartment 
can be salvaged without direct intraoperative examination of the muscle. Computed 
tomography (CT) scanning provides soft tissue windows that might alert the sur- 
geon for any abnormalities in the musculature and the extent of myonecrosis. 
Worsening renal function, despite adequate fluid resuscitation, also forces the sur- 
geon’s hand toward fasciotomy for debridement of necrotic musculature which is a 
source of myoglobin, potassium, and tissue thromboplastin [6]. Complications as a 
result can vary based on the extent of necrosis but can include cardiotoxicity, dis- 
seminated intravascular coagulation, renal failure, and sepsis, leading to multi- 
organ failure or death. Observation without fasciotomy should be reserved for 
patients without signs of sepsis or worsening renal function that present to the sur- 
geon with no ongoing pain. 


Intracompartmental Pressure Measurements and Continuous 
Monitoring 


The use of intracompartmental pressure measurements and continuous monitoring 
remains controversial. For the awake and alert patient, serial physical examinations 
remain the best diagnostic methods with the “one P,” pain, being the hallmark symp- 
tom of compartment syndrome. An awake and alert patient with signs and symp- 
toms of compartment syndrome concerning enough to undergo pressure 
measurements should probably just be taken to the operating room for emergent 
fasciotomy. 

Intracompartmental pressure monitoring is especially useful in patients obtunded 
due to illicit substances or traumatic brain injuries; however, these measurements 
remain imperfect and lack specificity. Measurements can be made with commer- 
cially available devices with a side-port needle catheter or with an arterial line setup 
[9]. Thresholds for absolute pressure and AP (diastolic blood pressure — absolute 
compartment pressure) have been set to prevent any missed compartment syndrome 
but may lead to unnecessary fasciotomy in many patients. In a prospective study, 
patients with tibia fractures undergoing planned intramedullary nailing were 
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evaluated with four compartment preoperative pressure measurements. There was 
no clinical suspicion for compartment syndrome for any of these patients up to the 
time of surgery. However, measurements meeting an accepted threshold for fasci- 
otomy at absolute pressure >= 40 mm Hg or AP <= 30 mmHg were present in 35% 
of patients. These patients were followed for 6 months with no signs of missed 
compartment syndrome [10]. This point is reiterated in another prospective study of 
diaphyseal tibia fractures with continuous pressure monitoring where an absolute 
pressure threshold of 30 mmHg or 40 mmHg would have led to 43% and 23% of 
unnecessary fasciotomies, respectively. This study recommended the AP <= 
30mmHg as the best indication for fasciotomy and also highlighted one-time mea- 
surements do not preclude subsequent development of a compartment syndrome 
[11]. Continuous monitoring may address this limitation but requires many hospital 
resources that may include an intensive care or intermediate care bed and may not 
change the ultimate outcomes. Challenges with pressure measurements include low 
adherence to proper technique and substantial decreases in accuracy of measure- 
ment even with small errors in technique [12]. Overall, intracompartmental pressure 
monitoring should not be used not only as a screening tool but also to give evidence 
to confirm clinical suspicion as needed [2]. 


Gluteal Compartment Syndrome 


The gluteal region is a rare anatomic location for the development of compartment 
syndrome. Most cases will result from prolonged immobilization secondary to 
heavy drug/alcohol use or surgical positioning [13]. Thorough examination of all 
extremities should be performed in patients presenting to the hospital after pro- 
longed immobilization. These patients may be obtunded secondary to alcohol and 
illicit drug use or potentially due to neurodegenerative disorders, thereby limiting a 
full history and physical examination. Prolonged surgeries in the lateral decubitus 
or lithotomy are the most implicated surgical positions, causing a gluteal compart- 
ment syndrome [14]. Traumatic injury and gluteal compartment syndrome comprise 
approximately 20% of cases [13]. These usually result from a crushing mechanism 
to the lower lumbar spine, pelvis, and buttocks area. Prolonged extrication time and/ 
or crushing mechanism with heavy objects should alert the provider for any poten- 
tial development. Additional causes may include vascular injury, epidural analgesia 
after total hip arthroplasty, anticoagulation, overuse or exertion, and necrotizing 
fasciitis infections [13]. The gluteal compartment syndrome is also frequently asso- 
ciated with the previously discussed crush syndrome, so holistic management to 
prevent renal failure and systemic complications of rhabdomyolysis is of paramount 
importance. 

There are three compartments in the gluteal region: tensor fasciae latae (TFL), 
gluteus medius and minimus, and gluteus maximus. The gluteus maximus is the 
largest of the three and supplied by the inferior gluteal nerve and vessels. This mus- 
cle is the main extensor and external rotator of the leg, originating on the posterior 
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ilium and dorsal sacrum extending over the gluteus medius to join the posterior 
iliotibial tract. Deep and superolateral to the maximus resides the gluteus medius 
muscle. The medius originates on the ilium and inserts on the greater trochanter 
overlaying the gluteus minimus. The superior gluteal nerve and vessels supply the 
gluteus medius and minimus, and these muscles together form a single compart- 
ment lying between the maximus and TFL. The TFL is in its own compartment that 
originates on anterior iliac crest and anterior superior iliac spine blending distally 
with the iliotibial band in the proximal thigh. Although not directly contained within 
these compartments, the sciatic nerve is at risk for a compressive neuropathy due to 
excessive swelling of the gluteal muscles or traumatic hematoma [14]. 

Alert patients will present with severe pain in the gluteal regions and may com- 
plain of lower extremity paresthesias. Physical examination will reveal tense and 
painful buttocks to touch, possibly ecchymoses, and/or Morel-Lavallee lesions. 
Passive motion of adduction and flexion of the hip would exacerbate pain in the 
examinable patient as it counters the typical movements of the gluteal musculature 
decreasing compartment volumes. 

As gluteal compartment syndrome is rare and examinations are occasionally lim- 
ited, the surgeon may choose to use intracompartmental pressure measurements 
more frequently than other locations in the lower extremity. Optimal needle place- 
ment for compartment pressure measurements was studied using cadavers and 
found to be clear of neurovascular bundles [14]. The gluteus maximus needle should 
be placed 2 cm inferior and lateral to the posterior superior iliac spine. Advance the 
needle until contact of the iliac wing and withdraw approximately 4 mm to assure 
localization within the muscle belly. The needle directed toward the medius/mini- 
mus compartment is placed 2 cm inferior to the iliac crest in the middle third of the 
iliac wing. A similar advance and withdrawal technique is performed. Needle entry 
for the tensor fasciae latae compartment is placed 2 cm anterior and 3 cm distal to 
the tip of the greater trochanter. Penetration of the deep fascia should be easily felt, 
and additional 4 mm advancement ensures the needle is within the muscle belly. 

Decompression can be performed with a posterolateral approach to the hip 
including a Kocher-Langenbeck or a Gibson. The Kocher-Langenbeck approach 
involves a curvilinear or angular incision beginning just caudal of iliac crest and 
lateral to PSIS, extending over the tip of the greater trochanter below along the 
anterolateral border of the femur. The Gibson approach differs in that the proximal 
portion of the incision is not directed as posteriorly and develops the interval 
between TFL and gluteus maximus muscles and allows for easier access to the 
TFL. All three gluteal compartments can be visualized and released with these 
approaches (Fig. 8.1). On release, evaluation of the muscle for color, contractility, 
consistency, and capacity to bleed should guide further debridement decisions. 
These approaches also allow for exploration and neuroplasty of the sciatic nerve, 
which should be performed in each case, especially in a patient with preoperative 
paresthesias or motor dysfunction in its distribution. Plans typically include addi- 
tional operations for repeat inspections, debridements, and delayed closure. 

Delay in diagnosis and decompression can result in permanent disability. Urgent 
surgical decompression can drastically improve chances for a full recovery, but 
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Fig. 8.1 Debridement of 3 ee 
necrotic gluteal muscle, 
sequelae from a gluteal 
compartment syndrome 
after pelvic trauma. (Photo 
courtesy of Dr. Chip Routt) 


long-term outcomes include chronic hip abductor weakness with Trendelenburg 
gait or potentially sensory and motor changes to the foot [13]. The treatment of a 
missed gluteal compartment syndrome is controversial but should depend more 
upon the systemic condition of the patient, rather than the presence of dead muscu- 
lature in the buttock. Debridement is not mandatory if the patient does not have 
septic myonecrosis or rhabdomyolysis and renal insufficiency. 


Thigh Compartment Syndrome 


Thigh compartment syndrome is typically the result of blunt trauma with motor 
vehicle and motorcycle collisions being the most frequent causes. In a 2010 review, 
they found 90% of cases attributed to blunt trauma with 44% having associated to 
femur fractures [15]. Other causes include gunshot wounds, arterial injuries, coagu- 
lopathies or anticoagulant therapy, burns, overexertion, reperfusion swelling, or 
external compression. 

The thigh has three anatomical compartments: anterior, posterior, and medial. 
The anterior compartment includes the sartorius and quadriceps, which are all 
innervated by the femoral nerve. The proximal portions of the femoral artery and 
vein also pass through this compartment, deep to the sartorius muscle, until they 
pass through Hunter’s canal distally. The posterior compartment includes biceps 
femoris, semimembranosus, semitendinosus, and the sciatic nerve. The popliteal 
vascular bundle passes from medial to posterior in the distal third of the thigh. The 
medial compartment is composed of adductors longus, magnus, and brevis as well 
as the gracilis muscle and the obturator neurovascular bundle. 

Diagnosis of compartment syndrome in alert patients generally only needs phys- 
ical examination. Physical findings are similar to other body parts including pain 
out of proportion, tense compartments, pain with passive stretch, and associated 
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neurovascular changes. Muscle compartments can be tested individually with pas- 
sive movements to decrease compartment volume, thereby exacerbating pain symp- 
toms. Passive hip abduction tests the adductor compartment, knee flexion the 
anterior compartment, and knee extension the posterior compartment. Some sur- 
geons may choose to use compartment pressure measurements to confirm the diag- 
nosis in an alert patient or to make the diagnosis in an obtunded patient. 

Treatment of a thigh compartment syndrome is a fasciotomy of the compart- 
ments. The anterior compartment is the most commonly affected compartment, 
with medial compartment involvement being more rare. The fasciotomy can be per- 
formed through a single lateral incision, allowing access for the anterior and poste- 
rior compartments. The technique for the fasciotomy involves an extensive 
longitudinal incision from the greater trochanter of the femur to the lateral condyle 
of the distal femur. The iliotibial band is incised the length of the incision, and the 
vastus lateralis is reflected anteriorly from the intermuscular septum releasing the 
anterior compartment. Incising the intermuscular septum releases the posterior 
compartment; however, this incision should be made away from the femur to avoid 
compromise of the perforating arteries traveling near the bone. The medial compart- 
ment rarely requires release once the anterior and posterior compartments have been 
decompressed; however, if the medial compartment remains tense, a separate 
anteromedial incision must be made. 

A systematic review of thigh compartment syndrome revealed the majority, 59%, 
of thigh fasciotomy wounds were able to be closed by delayed primary closure; 
however, approximately 25% required skin grafting [15]. Most thigh fasciotomy 
wounds require multiple debridements before soft tissues are stabilized for delayed 
closure or split-thickness skin grafting; the average in this review was 5 days after 
index procedure for eventual wound closure. 

Significant rates of mortality and morbidity are associated with thigh compart- 
ment syndrome. Mortality rates approach 50% due to polytraumatized or infected 
patients, with overall complication rates are as high as 78% in one systematic review 
[16]. The diagnosis also has a high association with the development of renal failure 
due to crush syndrome. Over half of the fasciotomy wounds in surviving patients 
became infected in this review. Many patients have persistent sensory deficits, 
motor weakness, decreased range of motion, or chronic pain of the extremity. A 
study examining functional outcomes found that worse results were associated with 
time to surgical decompression of greater than 8 hours, age over 30 years, femur 
fractures, high initial injury severity scores, and presence of myonecrosis at time of 
fasciotomy [17]. A rate as high as 40% of patients have permanent quadriceps 
impairment after a femur fracture, with this study finding greater than 80% with 
persistent thigh weakness in patients with a femur fracture and thigh ACS. The 
majority of patients will never recover full thigh muscle strength and have long- 
term functional deficits [17]. Heterotopic ossification may also be frequently visible 
after ACS in the thigh, although its clinical impact varies depending upon the 
severity and location. Decompression within 8 hours led to significantly better out- 
comes with strength and functional testing further giving evidence for the role of 
prompt fasciotomies. 
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Leg Compartment Syndrome 


Acute compartment syndrome of the lower leg is the most frequently encountered 
of any area on the body. Greater than one-third of compartment syndrome cases are 
attributed to tibial shaft fractures [18]. It can result from both high and low-energy 
trauma or even atraumatic causes. Motor vehicle- and motorcycle-related injuries 
are the most common culprit; however, crushing injuries, burns, falls, sporting inju- 
ries, penetrating trauma, exertion, and circumferential compression can all result in 
ACS. Sporting events such as football and soccer have shown a strong association 
with development of ACS, despite being considered lower-energy trauma [19]. The 
rationale being that a significant local injury and inflammatory response is inflicted 
on younger patients with higher muscle mass who are already in a state of exertion. 
These injuries may not be enough to disrupt the fascial boundaries of the leg and 
may place them at a higher risk of an ACS. Although open fractures do not prohibit 
the development of a compartment syndrome, the concept of “autodecompression” 
is suggested by studies that report a decreased risk of ACS with high-grade open 
tibia fractures [18]. Regardless of the mechanism, all patients with tibial fractures 
should be carefully monitored with serial examinations for the potential develop- 
ment of an acute compartment syndrome. 

The lower leg has four fascial compartments: anterior, lateral, superficial poste- 
rior, and deep posterior. The anterior compartment is very commonly involved in 
ACS and contains the tibialis anterior, extensor hallucis longus, extensor digitorum 
longus, and the deep peroneal nerve. The anterior tibial artery enters the anterior 
compartment through the interosseous membrane just distal to the proximal tibio- 
fibular joint with a recurrent branch directed proximally near the tibial tubercle. The 
lateral compartment contains the peroneus (fibularis) longus and brevis muscles and 
the proximal portion of the superficial peroneal nerve, which becomes extrafascial 
in the middle or distal third of the leg. The superficial posterior compartment con- 
tains the medial and lateral heads of the gastrocnemius, the soleus, and plantaris 
muscles. The gastrocnemius muscles receive blood supply from sural branches of 
the popliteal artery, while the soleus is supplied by the popliteal, posterior tibial, and 
peroneal (fibular) arteries. The deep posterior compartment is home to the posterior 
tibial, flexor hallucis longus, and flexor digitorum muscles along with the posterior 
tibial and peroneal vessels and the tibial nerve. 

Fasciotomies for ACS are often performed for all four compartments and may be 
done with a dual or single incision approach. The dual incision technique is most 
frequently used and includes anterolateral and posteromedial incisions. Regardless 
of the technique chosen, the anterolateral incision should be performed from the 
level of the proximal tibiofibular joint to the level of the distal tibiofibular joint to 
permit complete release and full visualization. The anterolateral incision is longitu- 
dinal and often 2—5 cm anterior to the fibular shaft or midway between the tibial 
crest and fibular shaft. It provides access to the anterior and lateral compartments. 
With the creation of subcutaneous soft tissue flaps, the intermuscular septum must 
be identified to ensure both compartments are released. A transverse incision may 
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be made that allows for excellent visualization of the septum prior to longitudinal 
release of both of the compartments. This process is often performed in the proxi- 
mal third of the leg to minimize risk of damage to the superficial peroneal nerve. 
The anterior compartment is released along the entire length of the compartment 
halfway between the septum and the tibial crest. The lateral compartment is incised 
posterior to the septum in line with the fibular shaft and should continue distally 
until the tendinous portion of the peroneal muscles is visualized. Care must be taken 
to protect the superficial peroneal nerve as it exits the fascia in the middle or distal 
third of the exposure and identification and dissection prior to anterior and lateral 
compartment release is recommended (see Video 8.1). 

The posteromedial incision is conducted approximately 2 cm posterior to the 
posteromedial border of the tibia. Again the longitudinal dissection is carried out 
throughout the length of the leg, and the superficial posterior compartment is 
released initially, with exception of the lateral head of the gastrocnemius muscle. 
The soleal bridge, located near proximal metadiaphyseal junction of the tibia, must 
be completely released to adequately expose and decompress the deep posterior 
compartment. The deep posterior compartment is then released from the back of the 
tibia and is the most commonly “missed” compartment when fasciotomies are per- 
formed. The surgeon may use a Cobb elevator along the posterolateral aspect of the 
tibia to release this compartment and visualization of the deep posterior compart- 
ment musculature ensures it has been released (see Video 8.2). 

A treatment algorithm with primary release of the anterior and lateral compart- 
ments followed by intraoperative reassessment of the superficial and deep posterior 
compartmental pressures has been suggested to reduce the need for four compart- 
ment releases in every case [20]. Patients presenting with compartment syndrome 
were initially treated with a single full-length anterolateral incision with standard 
release of both anterior and lateral compartments. After release, the intracompart- 
mental pressures of both the superficial and deep posterior compartments were 
rechecked. Using preoperative diastolic blood pressure values, patients with AP 
values greater than 30 mmHg failed to undergo additional fasciotomies of the pos- 
terior compartments. Close postoperative observation of the patients in this study 
revealed no sequelae of a missed posterior compartment syndrome. 

Alternatively, a single lateral incision to release all four compartments can be 
performed. The parafibular incision is made from the head of the fibula to the ankle, 
with larger subcutaneous tissue flaps created. Initial dissection is superficial to the 
lateral compartment, which should be followed anteriorly where the anterior inter- 
muscular septum is identified. The anterior and lateral compartments are released 
similar to the anterolateral approach from the double incision technique. Next, by 
mobilizing the peroneal muscles anteriorly, the posterior intermuscular septum is 
identified which separates lateral and superficial posterior compartments. The 
posterior intermuscular septum joins with the transverse intermuscular septum, 
inserting on the posterolateral border of the fibula. Incision of these membranes and 
blunt elevation of the flexor hallucis longus from the posterior fibula lead to the 
release of the deep posterior compartment. This fascia should be completely opened 
and confirmed by passively moving the great toe, which can be felt in the muscle 
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belly of the dissection. Lastly, the superficial compartment is released either by 
incising the posterior intermuscular septum between soleus and peroneal muscles or 
by retraction of a posterior subcutaneous tissue flap and direct release of the fascia 
covering the soleus. 

Advocates for the single incision release support the decreased insult to the 
tenuous anteromedial skin over the tibia as well as decreased stripping of soft 
tissues around the tibia [21]. However, this approach is more technically chal- 
lenging, and criticisms stem from concerns over adequate access to and release 
of the deep posterior compartment of the leg. The dual incision approach is popu- 
lar due to the ease of performance and excellent exposure and is most often 
recommended. 

A retrospective comparison of infection and nonunion rates after single versus 
dual incision fasciotomies did not find any statistically significant differences 
between the approaches, although higher numbers of infection were seen with plates 
versus intramedullary devices [21]. This was the first study comparing the two 
methods of fasciotomy for complications and was admittedly underpowered to 
detect potentially small differences in infection rates. In a separate investigation, 
Blair et al. compared groups with tibia fractures and those with tibia fractures 
requiring fasciotomy for acute compartment syndrome for rates of delayed union, 
nonunion, and infection. Their results yielded a 5-week increase in time to union, 
fourfold greater risk of nonunion, and fivefold greater risk of infection in tibia frac- 
tures requiring fasciotomies [22]. There are also substantial increases in the length 
of hospital stay and total cost associated with the need for fasciotomies to treat ACS 
[23]. The selection of approach may be best determined by the treating surgeon, 
with the goal of full release and restoration of tissue perfusion. 

Wound closure is typically performed with delayed primary closure or skin graft 
coverage 3-7 days after fasciotomy. With the dual incision fasciotomy, priority is 
given to closure of the posteromedial incision due to its proximity to the tibia. Skin 
grafts are not aesthetically appealing and are insensate, so different methods are 
employed to push toward delayed primary closure. In many cases, skin grafts are 
inevitable, especially for the lateral wound. A vessel loop technique can be used to 
minimize skin retraction by interlacing the loops across the incision with staples 
holding at the side, gradually tensioning them to help avoid skin grafting [24]. 
Negative pressure wound therapy may be used for temporary coverage of fasciot- 
omy wounds as it creates a seal decreasing contamination from hospital microor- 
ganisms, promotes wound granulation, decreases tissue edema, and improves local 
perfusion [25]. 


Foot Compartment Syndrome 


Compartment syndrome of the foot is an uncommon and controversial topic. Foot 
compartment syndrome as a whole was underrecognized prior to the 1980s when 
investigation of fixed foot deformities as a result of severe foot trauma echoed 
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similarities to Volkmann’s ischemic contracture of the hand [26]. Typically, this 
presentation results from high-energy mechanisms such as crush injuries, motor 
vehicle or motorcycle collisions, or falls from height. Potential injuries vary but 
include isolated soft tissue trauma, forefoot fractures, Lisfranc or Chopart fracture 
dislocations, and calcaneal fractures. The latter, high-energy calcaneal fractures, has 
historically been reported to develop a foot compartment syndrome in up to 10% of 
cases, yet a more recent study suggests the actual incidence is lower finding only 
1% of patients with an isolated calcaneal fracture underwent fasciotomy for sus- 
pected compartment syndrome [27]. Nevertheless, any patient presenting after a 
higher-energy mechanism, especially a crush, should be evaluated with a height- 
ened suspicion. The development of a secondary foot compartment syndrome from 
more proximal injury is also described due to a communication between the deep 
posterior compartment of the leg and the deep central or calcaneal compartment in 
the foot [28]. 

There are considerable debate and no real consensus regarding the number of 
fascial compartments of the foot. Many of these studies were performed in cadavers 
and cannot reliably reproduce physiologic conditions [29]. At least nine compart- 
ments of the foot have been identified: three spanning the entire length of the foot 
(medial, lateral, and superficial), five forefoot compartments (adductor and four 
interossei), and a single hindfoot compartment (calcaneal) [26]. The calcaneal com- 
partment contains the quadratus plantae muscle, lateral plantar neurovascular bun- 
dle, the posterior tibial nerve and vessels, and in some patients the medial plantar 
neurovascular bundle. 

Diagnosis is again a combination of physical examination of the clinical presen- 
tation with an option for intracompartmental pressure monitoring. Symptoms of 
pain out of proportion, pain despite immobilization that is unrelieved by progressive 
doses of analgesics, and paresthesias are frequently seen. Signs include tense com- 
partments and pain with passive range of motion. Passive dorsiflexion of toes 
decreases the volume of the interosseous compartments, thereby intensifying pain 
[26]. The most sensitive sensory indicators are decreased light touch and two-point 
discriminatory sensations, especially those with relative decreases over serial exam- 
inations [26]. Strength and pulses are poor indicators. 

There is no consensus of a firm recommendation on the use of compartment 
measuring to the foot. This likely stems from disagreement regarding the true num- 
ber of foot fascial compartments and debate about the potential of these compart- 
ments to develop pressures sufficient to cause a compartment syndrome. Continuous 
or even repeat monitoring of the compartments is not practical. However, it can 
provide further objective data helping in diagnosis. There is no firm consensus on 
the number of, or which, compartments that should be measured, but as the calcaneal 
compartment is frequently implicated as having the highest pressure readings in 
studies, increased attention should be paid to this compartment [28, 29]. The tech- 
nique for accessing this compartment is insertion of the device 6 cm distal to the 
most prominent portion of the medial malleolus with insertion depth of approxi- 
mately 24 mm [28]. An absolute compartment pressure >30 mmHg is generally 
considered an indication for emergent decompression. 
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The most frequently recommended approach for foot fasciotomies combines a 
dorsal two-incision approach with a medial plantar approach [28]. The dorsal medial 
incision is made just medial to the second metatarsal and allows access of the first 
two interosseous compartments, as well as the adductor compartment located deep 
to the first interosseous compartment. The dorsal lateral incision is made just lateral 
to the fourth metatarsal. It can be used to release the third and fourth interosseous, 
the lateral, and central compartments. Longitudinal dissection of the dorsal fascia is 
performed on both medial and lateral sides of the metatarsals with the central com- 
partments entered after incision of the interosseous fascia. Advantages of these inci- 
sions provide exposure for fixation of midfoot trauma [29]. A separate medial 
plantar approach is added due to concerns of access to the calcaneal compartment 
from the dorsal approach [26]. This medial incision follows the length of the infe- 
rior border of the first metatarsal, a 6 cm incision beginning approximately 4 cm 
from the posterior border of the heel and 3 cm superior to plantar surface [26]. The 
abductor hallucis is retracted cranially, and the intermuscular septum is identified. 
Incising this septum releases the deep (calcaneal) compartment, and the quadratus 
plantae should bulge from the incision. Care should be taken with this step since the 
lateral plantar neurovascular structures are immediately deep to the septum [26]. 
Release of the distal tarsal tunnel through proximal extension of this medial incision 
may be necessary for adequate release of the calcaneal compartment [26]. Retracting 
this medial compartment superiorly exposes the superficial compartment, which is 
released longitudinally, decompressing the flexor digitorum brevis (FDB). The FDB 
is retracted inferiorly, and the medial fascia of the lateral compartment is visualized. 
Decompression of the lateral compartment is complete when the abductor digiti 
quinti and flexor digiti minimi are exposed [29]. 

Treatment with fasciotomies is not without complication, as the incisions are 
risks for wound infections and frequently require skin grafting. Secondary closure 
of wounds is typically delayed 5-7 days after fasciotomy, with skin grafting alter- 
natively covering wounds not amenable to closure. A systematic review found that 
65% of cases required skin grafts after fasciotomy [30]. Forefoot and midfoot frac- 
tures can be stabilized definitively acutely, provided primary wound closure is pos- 
sible over the implants. Calcaneal fractures, however, are recommended to undergo 
delayed fixation 10-14 days after fasciotomy to allow swelling to decrease. Shoe- 
wear selection after soft tissue reconstruction poses another challenge that may 
limit long-term function. Patients commonly have residual pain and stiffness with 
only 10% able to return to their pre-injury state after fasciotomy [30]. 

There are many experienced surgeons who argue for managing the compartment 
syndrome conservatively, with delayed treatment of sequelae including nerve 
decompression, soft tissue releases, tendon transfers, osteotomies, or fusions. 
Although a systematic review reported that complications rates were lower for those 
treated with fasciotomies than those untreated, overall data comparing the two 
groups is lacking [30]. The treating surgeon must make the decision based upon the 
evaluation of the patient and their best judgment. Loss of distal perfusion should be 
an almost absolute indication for decompression. 
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An alternative approach to fasciotomies of the foot involves a “pie crusting” 
technique, where multiple stab incisions are made over the foot followed by blunt 
dissection with a hemostat [28]. The goal is to reduce pressure on the soft tissues 
and decrease the need for secondary soft tissue coverage; however, critics would 
cite the risk of inadequate release of muscular compartments. 

Complications from a missed compartment syndrome include sensory altera- 
tions and the development of ischemic foot deformities. Claw toes are the most 
common complications, resulting from compression of the medial and lateral plan- 
tar bundles in the calcaneal compartment [28]. This ischemic insult to the quadratus 
plantae and interosseous muscles leads to their overpowering of these intrinsic mus- 
cles by the extrinsic muscles to the foot. Cavus foot deformities can develop as well. 
Neurologic complications include chronic pain, neuropathic pain, numbness, allo- 
dynia, and hyperalgesia. Ulcerations can develop secondary to the deformities, 
altered gait mechanics, and neuropathic changes, creating lifelong problems for 
some patients. Amputation is a final, but effective, treatment option in the most 
severe cases [28]. 


Summary 


Compartment syndrome is a pathologic condition where intrafascial pressures 
increase and ultimately cause irreversible cell death if fasciotomies are not urgently 
performed. Diagnosis remains a challenge for all physicians and requires vigilance 
and frequent physical examinations. Intracompartmental measurements can be used 
to aid in diagnosis of obtunded patients when complete clinical examination is not 
possible, but measurements lack specificity and are of variable accuracy with tech- 
nical errors common. Once diagnosed, urgent surgical management is simple and 
only requires a surgeon with anatomic knowledge and a scalpel. 
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Fasciotomy Wound Management iee 
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Problem Background 


e Surgical fasciotomy is the only effective treatment, offering an immediate 
decrease in the compartment pressure and an increase in the volume of the 
affected muscle compartment through the release of the skin and muscle 
fascia. 

e Complications of fasciotomy include long hospital stay, wound infection and 
osteomyelitis, need for further surgery for delayed wound closure or skin graft- 
ing, scarring, delayed bone healing, pain and nerve injury, permanent muscle 
weakness, chronic venous insufficiency, cosmetic problems, and an overall 
increased cost of care. 

e However, closure of fasciotomy wounds is challenging, and a plethora of tech- 
niques have been proposed. 

e With no consensus existing in the literature regarding the best method for closure 
of fasciotomy wounds, the technique applied each time is based mostly on sur- 
geon’s preference and other variables, such as the condition of the tissues sur- 
rounding the wound, availability of materials and devices, patients’ environment 
and preference, and institutional financial resources. 
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Introduction 


Acute compartment syndrome is a surgical emergency, in the setting of which 
immediate actions should be taken to avert muscle and nerve cell death [1, 2]. In 
order to prevent irreversible tissue necrosis, treatment aims to restore muscle perfu- 
sion as quickly as possible [1, 3]. Surgical fasciotomy presents the only effective 
treatment, offering an immediate decrease in the compartment pressure and an 
increase in the volume of the affected muscle compartment through the release of 
the skin and muscle fascia [1, 3]. Nonetheless, fasciotomy carries its own risks and 
complications, including long hospital stay, wound infection and osteomyelitis, 
need for further surgery for delayed wound closure or skin grafting, scarring, 
delayed bone healing, pain and nerve injury, permanent muscle weakness, chronic 
venous insufficiency, cosmetic problems, and an overall increased cost of care 
(Fig. 9.1) [2-5]. 

To reduce the risk of complications, the fasciotomy wound should be closed as 
quickly as possible [6]. However, early primary wound closure is not recommended 
as it may lead to increased muscle pressure and recurrent compartment syndrome 
[2, 5, 7, 8]. As a result, closure of fasciotomy wounds is challenging, and a plethora 
of techniques have been proposed. With no consensus existing in the literature 
regarding the best method for closure of fasciotomy wounds, the technique applied 
each time is based mostly on surgeon’s preference and other variables, such as the 
condition of the tissues surrounding the wound, availability of materials and 
devices, patients’ environment and preference, and institutional financial resources 
[7, 9]. This chapter aims to summarize the available techniques employed in fasci- 
otomy wound closure and to discuss the indications, advantages, disadvantages, 
and complications of these techniques in a way that readers may find useful and 
educative. 


Fig. 9.1 (a) A 42-year-old 
man with a crush injury of 
the leg with tibia and fibula 
fracture. (b) Fasciotomy 
was done, but because of 
muscle necrosis and sepsis, 
he ended with a knee 
disarticulation 
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Early primary wound closure of fasciotomy wounds, apart from being rarely pos- 
sible due to edematous tissues, is also not recommended since it may lead to recur- 
rent compartment syndrome [7]. Split-thickness skin grafting has been widely used 
for fasciotomy wound closure, as it has been thought to reduce patient morbidity 
from wound complications and delayed rehabilitation compared to immediately pri- 
marily or secondarily closed fasciotomy wounds [10, 11]. The use of skin grafts is 
associated with donor site morbidity, infection, lack of sensation over the fasciot- 
omy site, risk of graft nonadherence, and poor cosmesis that, at times, requires scar 
revision or resection [6, 7, 9, 12, 13]. Yet, split-thickness skin grafting remains a 
viable option when other closure techniques fail or in special cases, as in persis- 
tently dehiscent wounds, in burnt or friable wound edges, and in very large skin 
defects [1, 7, 9]. Additionally, split-thickness skin grafting represents frequently a 
benchmark for evaluating complications, safety, efficacy, and cost-effectiveness of 
other newly introduced closure techniques [7, 12]. 


Delayed Primary Wound Closure 


After fasciotomy, the wound is usually managed open and dressed sterilely with 
moist dressings to protect the tissue from drying and retraction [2, 5]. Alternatively, 
negative pressure wound therapy (NPWT) can be employed [2, 5, 7, 9, 13—20], or 
numerous techniques can be performed for staged wound closure aiming for 
gradual approximation of skin edges once the edema begins to resolve (Table 9.1) 
[7, 21-51]. 


Table 9.1 Summary of published studies on dynamic dermatotraction and static tension devices 
for fasciotomy wound closure 


[Level of | 
Study evidence | Technique | Description 


Dynamic dermatotraction mechanical devices 


Bulstrode IV Op Site closure Adhesive film dressing (Op Site) applied 

et al. [46]* technique across the fasciotomy wound is reduced 
gradually by means of a tensioning rod stuck 
| to the center of the dressing 


Hirshowitz | IV U-shaped hooked Two pins are threaded through the dermis of 
et al. [39]* arms the wound margins, and two U-shaped hooked 
arms engage the pins through the overlying 
skin surface. A threaded screw passes through 
the centers of the arms, and when the screw is 
turned by a tension knob at its free end, the 
distal arm, which is loose, rides over the screw 
and is pulled over, facilitating reapproximation 
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Study 


Level of 


evidence | Technique 


Description 


Narayanan |IV Sure-closure (Life Modification of U-shaped arms. The device is 
et al. [34] Medical Sciences, tightened in cycles; 30-90 minutes of 
Caruso IV Princeton, NJ) tightening are interrupted by 10-minute 
et al. [47] periods of loosening (“load cycling”). The 
Hussinan IV fasciotomy wound can be even closed 
et al. [35] intraoperatively 
McKeneey | IV STAR (suture tension | One anchoring and one winding shell are 
et al. [40] adjustment reel; connected by heavy-duty nylon mattress 
WoundTEK Inc., suture. The winder shell is tightened at the 
Newport, RI) bedside with the use of a wrench, 
reapproximating the wound edges, and the 
wounds are closed under local anesthesia over 
several days 
Wiger IV External tissue Dermal traction is achieved by silicone bands 
et al. [44] extension (ETE, passing through a slot in a plastic unit 
Bjarnesen IV Hojmed, consisting of a needle and two friction stoppers 
et al. [48] Loddekopinge, counted on a silicone string 
Sweden) 
Janzing Il Marburger plates Plates placed along the sides of the wound 
et al. [49] (described by joined by sutures and progressively tightened 
Hessmann) 
Taylor IV Dynamic wound Cleated or adhesive skin anchors laced 
et al. [50] closure device together with silicone elastomers, which can 
Singh IV (DWC; Canica, be individually tightened, allowing for 
et al. [42] Almonte, Ontario, constant tension over the entire wound 
Canada) 
Barnea IV Wisebands wound A tension feedback control device measures 
et al. [38] closure device the tension on the wound edges during 
(Wisebands tightening and adjusts accordingly to maintain 
Company Ltd, an appropriate level of tension 
Misgav, Israel) 
Medina Il Silver bullet wound | A 9.5-cm stainless steel instrument resembling 
et al. [41] closure device a silver bullet is sutured into the middle of the 
(SBWCD; wound and tightened daily through the rotation 
Boehringer of an internal cylinder gradually contracting 
Laboratories, the wound 
Norristown, PA) 
Manista IV DermaClose RC Continuous external tissue expander, providing 
et al. [51] (Wound Care a constant traction force on surrounding 


Technologies, Inc., 
Chanhassen, MN) 


wound skin edge. Barbed skin anchors are 
stapled uniformly around the wound and a 
tensiomer applies a continuous controlled 
pulling force on a heavy suture that is “laced” 
to the skin anchors 
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Table 9.1 (continued) 


Level of 
Study evidence | Technique Description 
Topaz IV TopClosure 3S Comprises two attachment plates that are 
et al. [43] system (IVT Medical | interconnected by a long, flexible 
Ltd., Ra’ anana, approximation strap. The strap links the 
Israel) opposing plates, enabling approximation and 


advancing the plates by incremental pull on the 
strap. The plates are attached to the skin either 
by staples/sutures or by hypoallergenic, 
biocompatible adhesive 


Static tension devices 


Mbubaegbu |V Plaster strips Serially applied longitudinal plaster strips on 
and Stallard either side of the wound bridged by plaster 
[33]* bridging strips, and twice weekly the strips are 
changed, so as to gradually achieve wound 
closure 
Harrah [32] | IV Steri-Strips (3M Steri-Strips are used instead of plaster 
Surgical Products, St 
Paul, MN) 
Rogers [12]* | HI Staged linear closure | Progressive wound closure as the swelling 


subsides. Areas left open between stages are 
covered with a vacuum-assisted wound 
dressing 


“Original report of the technique 


Negative Pressure Wound Therapy 


Negative pressure wound therapy (NPWT) or vacuum-assisted wound closure can 
be applied in various ways in fasciotomy wound management depending on differ- 
ent wound conditions, progress of healing, and surgeon’s preference. First, it can be 
used as an alternative to the wet-dry dressings, which are traditionally used imme- 
diately after fasciotomy [5, 7]. Second, NPWT can be used as a definite treatment 
of fasciotomy wounds until wound healing is accomplished [1, 2, 5-7, 9, 13]. Third, 
NPWT can be used as an adjunct to other closure techniques [2, 7, 9, 13]. Initially 
introduced in the late 1990s [14], NPWT has been widely used in the management 
of challenging wounds. It involves the use of a foam dressing, covered by an adhe- 
sive drape that is connected to a vacuum pump in order to create subatmospheric 
pressure on the wound that is equally distributed, creating a controlled closed wound 
[9, 14]. Its therapeutic properties regarding fasciotomy wounds result from the posi- 
tive effects of subatmospheric pressure. Moreover, as excess fluid is drained from 
the affected compartment, extracellular edema and tissue swelling are reduced, 
thereby compartment pressure is further decreased [1, 5, 7, 9, 13, 15]. Furthermore, 
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local blood flow is improved, a moist environment is preserved, retraction of wound 
edges is prevented, bacterial count may also be decreased, and angiogenesis can be 
stimulated, leading ideally to improved wound healing and decreased risk of infec- 
tion [1, 5, 7, 9, 13-15]. Researchers have found that with NPWT fasciotomy wounds 
can be closed earlier and with less need for skin grafting; when used as a bolster for 
skin grafts, it has been found to promote graft adherence and prevent potential 
hematoma or seroma formation [13, 16, 17]. 

The drawbacks of NWPT compared to other closure techniques in terms of mor- 
bidity, cost-effectiveness, and length of treatment have been reported in related 
studies [6, 7, 15, 18]. More specifically, in a recent randomized trial, NWPT was 
associated with increased need for skin grafting, increased cost, and longer duration 
of treatment as compared to the shoelace technique [6]. Increased need for skin 
grafting after NPWT was also found in another large retrospective study compared 
to patients treated with saline-soaked gauze packing and vessel loop dermatotrac- 
tion [18], which is in accordance with the findings from other studies in which 
NPWT was related to incomplete healing and increased need for additional skin 
grafts, thereby increasing duration and cost of treatment [7, 15]. NPWT has been 
further associated with overgranulation that may delay epithelialization and with 
granulation tissue growing into the sponge creating nidi prone to inflammation or 
infection [6, 19]. In cases with massive muscle swelling, the wound edges cannot be 
sufficiently contracted by NPWT, and the tissues tend to become increasingly rigid 
due to granulation, further limiting complete approximation of the skin margins [6]. 
The use of NPWT in wounds with active bleeding should be avoided as well, since 
arterial erosion and bleeding have been reported [20]. In the same scenario, when a 
vascular reconstruction has been performed, NPWT is contraindicated [7]. 


Gradual Suture Approximation 


Cohn et al. [21] were the first to describe a gradual suture approximation technique 
for fasciotomy wounds named the shoelace technique that represents one of the 
most widely applied methods in the management of fasciotomy wounds. Staples are 
placed along the wound edges, and a vessel loop is threaded through these staples in 
a crisscross fashion, like a shoelace (Fig. 9.2). Afterward, the loop is tied under light 
tension and tightened every 48 hours at the bedside [21]. When the wound edges are 
adequately approximated for suturing (typically within 1 cm), a second operation is 
performed and delayed primary closure can be accomplished [13, 22]. 

The shoelace technique is a simple, safe, and inexpensive method to bring the 
skin margins together gradually as swelling resolves [7, 13]. It does not interfere 
with external fixators or limb and patient mobilization and usually results in a fine 
linear scar, without the need for skin grafting [7, 23]. Although not being a major 
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Fig. 9.2 (a) A 46-year-old man with a two-bone forearm fracture. (b) Clinical examination at 
presentation showed severe, constant pain, increased pain on passive stretch of the wrist and fin- 
gers, paresthesias, and weakness at the distribution of the median and ulnar nerves; radial artery 
pulses were intact. Fracture osteosynthesis and (c) volar fasciotomy was done with gradual fasci- 
otomy wound approximation with a shoelace technique. (d) Delayed primary fasciotomy wound 
closure was done at 2 weeks, (e) with excellent cosmesis and function at 6 months 
postoperatively 
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Fig. 9.2 (continued) 


drawback, staple detachment often occurs secondary to point loading from tighten- 
ing or limb mobilization; therefore, staples need to be checked and replaced where 
necessary. Marginal ischemia and/or skin necrosis may rarely occur, again due to 
point loading at the staple sites [7]. Several modifications of the original technique 
have been described, aiming to improve the technique and eliminate its weaknesses. 
Nylon sutures have been used instead of vessel loops, as the latter are not designed 
for wound closure and lack the essential strength to close large defects [7, 24]. The 
use of paper clip to secure the vessel loop ends was also described as an alternative 
to knots, in order to maintain tension [23]. The use of subcutaneous [25] or intracu- 
taneous nylon sutures [22, 26] that are gradually tightened at bedside may achieve 
direct final closure of the wound without the need for a reoperation. However, 
replacing these sutures in case they break during approximation is not as easy as 
replacing sutures or loops threaded through staples [7, 25]. Furthermore, they pres- 
ent an increased risk for skin necrosis. A modification of these techniques is to pass 
the sutures through catheters, to avoid direct contact of the sutures with the underly- 
ing soft tissues [27]. Gradual tightening of a silicon sheet that is fixed without ten- 
sion and covers completely the wound has been proposed as a safe, painless and 
cost-effective method that may be associated with a reduced risk of infection and 
improved cosmetic results [28]. Other surgeons described the application of Ty-Raps 
(Thomas & Betts, Memphis, Tennessee, USA) that are stapled to the skin and indi- 
vidually tightened each day [29]. 

Callanan and Macey used fine subcuticular Kirschner wires along both sides of 
fasciotomy wounds with an elastic band that was stapled in a shoelace pattern to the 
wound edges and, at the same time, to the underlying Kirschner wires, thus creating 
an even distribution of tension along the skin edges during approximation, thereby 
preventing ischemia [30]. A simpler suture technique described by Dahners for fas- 
ciotomy wounds is the running “near-near-far-far” stitch; the near stitch is passed 
5 mm to 10 mm from the wound edge, and the far stitch is passed 3 cm to 6 cm from 
the wound edge [31]. According to Dahners, running of the suture balances the ten- 
sion throughout the wound and allows the suture to be tightened once swelling has 
receded [31]. 

In general, suture approximation techniques are widely popular in the manage- 
ment of fasciotomy wounds because of good to excellent outcomes with high wound 
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closure rates, use of inexpensive and easily accessible materials that are available in 
healthcare facilities with limited resources, and ease of application and the suture 
tightening that can be safely performed even in an outpatient setting [7, 9, 29]. 
Wound closure with suture approximation is expected to occur within 5 days to 
3 weeks [6, 7, 22, 23]. Complications such as ischemia or increase of compartmen- 
tal pressures, though rare, may occur; therefore, continuous evaluation of the wound 
is recommended. 


Dynamic Dermatotraction and Static Tension Devices 


Although numerous methods and devices have been developed for the management 
of fasciotomy wounds, none managed to gain wide popularity, while their use has 
been mainly reported as single specific-center experience [7]. Static and dynamic 
traction techniques have been described with variable results, effectiveness, and 
related complications. Regarding the application of static tension methods [12, 32, 
33], plaster and Steri-Strips cannot reliably apply forces required to close large 
fasciotomy wounds with severely protruding muscles [7]. Staged linear closure, on 
the other hand, requires multiple operative procedures until wound closure is 
achieved; NPWT should be additionally applied in staged linear fasciotomy wound 
closure, as originally described by Rogers et al. [12], therefore further increasing 
the cost of treatment. Dynamic dermatotraction mechanical devices have yet to 
prove their effectiveness and simplicity, since they are associated with significant 
costs without decreasing morbidity as compared to other techniques [9]. The sure- 
closure technique as described by Narayanan [34] was reported to achieve primary 
wound closure; intraoperative wound closure was obtained in 21 of 24 patients in a 
maximum of 100 minutes. The technique relies on skin’s viscoelastic properties; 
periods of skin tightening (30-90 minutes) are interchanged (“load cycling”) with 
short periods (10 minutes) of loosening. However, apart from being expensive, 
when used for long periods of time, it may increase intracompartmental pressures 
and thereby the potential for skin and muscle necrosis [35]. 

Higher-level studies evaluating and comparing techniques for static and dynamic 
delayed fasciotomy wound healing are yet to be reported [36]. These techniques 
exploit skin’s inherent viscoelastic properties. Mechanical creep defined as the 
elongation of the skin with a constant load over time beyond intrinsic extensibility 
is the main property of the skin on which all dermatotraction techniques rely [7, 37]. 
However, regardless of the device or method applied, the surgeons should always 
refer to the basic principles of tissue (skin) expansion, with the most important 
being that application of any tension must be deferred until the edema of the injured 
limb subsides. In case skin expansion is initiated too early and/or too rapidly, the 
risk for skin edges necrosis, delayed healing, recurrent compartment syndrome, 
infection, failure of wound closure, and hypertrophic scarring is increased [11, 22, 
34, 35, 38-44]. Signs of excessive tension are patient discomfort during or after 
manipulations and the pale color of skin ischemia [7]. 
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Secondary Wound Closure 


It is generally accepted for fasciotomy wounds to be initially left open and then 
managed by delayed primary closure. However, in the past, fasciotomy wounds 
were managed open, and closure was attempted by secondary intention [7, 9]. This 
technique has been abandoned nonetheless, due to unacceptable high infection 
rates, increased risk of muscle necrosis and sepsis, prolonged hospitalization, delay 
in rehabilitation, and excessive scarring [7, 9, 11, 45]. It may be reserved though 
only for fasciotomy wounds, where delayed primary closure has failed due to under- 
lying infection or wound dehiscence [7]. 


Conclusion 


Currently, there is no consensus regarding the optimal technique for fasciotomy 
wound closure. High-level studies are missing, and the use of complex devices for 
wound closure after fasciotomy is not substantially advantageous over standard tech- 
niques such as suture approximation techniques [7, 9, 13]. Primary wound closure 
with direct wound edge approximation should be avoided due to high risk of tissue 
necrosis and persistent or recurrent compartment syndrome. After the initial man- 
agement, fasciotomy wounds should be regularly inspected as surgical debridement 
may be necessary within 48-72 hours [2] until the wound presents viable, non- 
necrotic tissues and muscles [5, 13]. For patients with poor compliance, atrophic or 
friable skin, infection, or questionable viability of the skin and surrounding tissues, 
skin grafting is probably the most preferable option. The advantage of NPWT and 
dermatotraction mechanical devices over shoelace and simple suture techniques has 
not been documented [6, 7, 9]. In terms of complications though, NPWT has been 
associated with the lowest rates (2.49%), followed by suture approximation (14.83%) 
and dynamic dermatotraction (18.4%). It is therefore implied that for patients at high 
risk of complications, NPWT may be the treatment of choice, whereas when primary 
closure is the main goal, suture approximation or dynamic dermatotraction devices 
should be preferred [9]. Treating surgeons should be familiar with every technique, 
as well as with their advantages and limitations, and patients’ selection should be 
performed for the optimum functional and aesthetic outcomes. 
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Foot Compartment Syndrome Controversy ss 
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Background 


e Foot compartment syndrome is a rare but debilitating condition. 

e Clinical presentation and evaluation can differ with classically reported signs 
and symptoms of compartment syndrome in other areas. 

e Controversy exists in the amount of existing myofascial compartments of the 
foot. 

e Multiple surgical approaches have been described for myofascial decompression. 

e Controversy exists regarding acute versus delayed management of foot compart- 
ment syndrome. 


J. G. Lugo-Pico 
niversity of Miami Hospital, Department of Orthopedic Surgery, Miami, FL, USA 


U 
University of Miami/Jackson Memorial Hospital, Miami, FL, USA 
e-mail: julian.lugopico @jhsmiami.org 


A. Aiyer 
University of Miami Hospital, Department of Orthopedic Surgery, Miami, FL, USA 


J. Kaplan 
University of Miami Hospital, Department of Orthopedic Surgery, Miami, FL, USA 


Orthopedic Specialty Institute, Orange, CA, USA 


A. R. Kadakia (%4) 
University of Miami Hospital, Department of Orthopedic Surgery, Miami, FL, USA 


Northwestern University, Northwestern Memorial Hospital, Chicago, IL, USA 


© The Author(s) 2019 97 
C. Mauffrey et al. (eds.), Compartment Syndrome, 
https://doi.org/10.1007/978-3-030-22331-1_10 


98 J. G. Lugo-Pico et al. 


Table 10.1 Compartments and associated muscles of the foot 


Compartment Muscular structures Location 
Medial Abductor hallucis, flexor hallucis brevis Plantar medial to the first 
metatarsal 

Superficial Flexor digitorum longus 
(superficial central) | Flexor digitorum brevis 
Lateral Abductor digiti minimi Inferolateral surface of 

Flexor digiti minimi brevis the fifth metatarsal 

Adductor Oblique head of the adductor hallucis Plantar forefoot 
Interossei (four Each compartment includes the dorsal and Between each of the 
compartments) plantar interosseous muscle of its location metatarsals 
Calcaneal (deep Quadratus plantae 
central) 


Foot Compartmental Anatomy 


Early anatomic reports described four myofascial compartments of the foot: 
medial, lateral, central, and interosseous. Although surgical applications were 
previously based on these four compartments, recent research suggests the pres- 
ence of nine myofascial compartments in the foot — medial, superficial, lateral, 
adductor, calcaneal [1, 2] — and four interosseous compartments [3]. Some 
authors describe a tenth compartment, the dorsal compartment, bounded by the 
skin which contains the extensor digitorum brevis and the extensor hallucis bre- 
vis [4, 5]. 
Table 10.1 shows compartments and associated muscles of the foot. 


Etiology of Foot Compartment Syndrome 


Foot compartment syndrome (FCS) is relatively uncommon, accounting for less 
than 5% of limb compartment syndrome cases [6]. It is caused by increased 
pressure secondary to hemorrhage or edema within an anatomic compartment. 
Ischemia results when this intra-compartmental pressure exceeds the capillary 
perfusion pressure [6]. It may be seen in the setting of high-energy injuries 
including crush mechanisms with and without osseous injury, Chopart and 
Lisfranc fractures dislocations, mid- and forefoot trauma, and calcaneal frac- 
tures [3, 7]. The most common cause of FCS is fracture of the calcaneus, 
accounting for 4.7-17% of cases [8-10]. This is likely in part related to the 
existing communication between the calcaneal compartment and the deep poste- 
rior compartment of the lower leg. Similarly, FCS can also be seen in tibia frac- 
ture and ankle fracture dislocations [11, 12]. Other causes of FCS include 
surgical procedures, occlusive dressings, frost bite, ischemia/reperfusion syn- 
drome associated with vascular injuries, and exertional compartment syndrome 
[3, 5,7, 13-15]. 
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Clinical Evaluation 


FCS is a clinical diagnosis, based on signs and symptoms of muscle ischemia. Classic 
clinical findings associated with compartment syndrome include pain out of proportion, 
paresthesia, pallor, pulselessness, and paralysis; however, these tend to be less reliable 
for evaluation of FCS than previously thought [6, 16]. Many types of injuries in the foot 
produce considerable pain; thus, pain out of proportion is not a reliable clinical finding 
in FCS. Pain with gentle, passive dorsiflexion of the toes has been described for diag- 
nosing FCS; however, its utility remains questionable since this mainly tests the long 
flexor muscles which reside within the leg as opposed to within the foot compartments. 
Paresthesias can also be unreliable for diagnosing FCS because of the difficulty in 
determining whether the sensory deficits occurred secondary to nerve ischemia or to the 
initial injury. Palpable pulses (dorsalis pedis/posterior tibial) are usually present in FCS 
since the common sites for palpating foot pulses are extracompartmental; therefore, it is 
thought that vascular examinations are not sensitive enough to rule out the diagnosis of 
a compartment syndrome [3]. Several studies describe tense swelling as the most con- 
sistent physical examination finding in FCS [16, 17]. We have noted that tense swelling 
associated with severe pain not responsive to appropriate narcotic analgesia is a useful, 
though imperfect criteria in determining the presence of foot compartment syndrome. 
While a through history and physical examination is the most important aspect to 
the diagnosis of FCS, it is not always clear if FCS is present. In this setting, the most 
objective means of diagnosing FCS is through compartment pressure monitoring [17— 
20]. This is particularly useful for diagnosing compartment syndrome in obtunded 
patients, patients with severe head or spinal cord injuries, or those who present with 
peripheral nerve injuries [3, 18]. Several techniques for compartment pressures mea- 
surement have been described, but a commercial pressure monitor is likely the most 
reproducible, accurate, and easiest to use and is available in most hospitals [1, 2]. Due 
to the inconsistency regarding the anatomical compartments of the foot, there is no 
consensus regarding which or how many compartments’ pressures should be mea- 
sured. Currently, no evidence exists to provide a recommendation on how many com- 
partment pressures should be measured in the diagnosis of FCS. The general consensus 
seems to be that the calcaneal compartment consistently demonstrates the highest 
pressures. Therefore, if pressure monitoring is utilized in the diagnosis of acute com- 
partment syndrome of the foot, the calcaneal compartment should be checked [7]. 
Indications for treatment should be based on history/mechanism of injury, clinical 
findings, serial examinations over time, and a differential pressure reading between 
diastolic blood pressure and intra-compartmental pressure of less than 30 mm Hg [3]. 


Treatment Options 


Initial management of suspected compartment syndrome includes the removal of all 
restrictive dressings, prevention of systemic hypotension, and serial examinations [18, 
21]. Maligned osseous injuries of the forefoot/midfoot injuries should be reduced imme- 
diately. While reduction of calcaneal injuries may not be feasible, hindfoot dislocations 
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should be reduced immediately if this is the suspected etiology of FCS. Additionally, the 
foot should be elevated to facilitate venous drainage, but not higher than the level of the 
heart to avoid compromising arterial blood flow [13, 18]. It has been described that a 
third of patients may develop FCS after more than 24 hours from the time of injury. 
Hence, in high-risk patients, serial examinations should be performed looking for signs 
of increased pain or until symptoms resolve [18, 21]. Once the diagnosis of foot com- 
partment syndrome has been established, several authors recommend fasciotomies of 
the foot compartments [3, 11, 14, 18, 20, 22, 23]. Conversely, others do not consider the 
diagnosis of FCS to be an emergency and recommend against surgical management 
with the expectation of managing the sequelae of nonsurgical treatment [24]. 


Surgical Compartment Release 


Multiple fasciotomy techniques have been described for the surgical management of 
FCS. The goal is to prevent ischemic contracture deformity of the foot and minimize 
development of neuropathic pain. The potential benefits of this procedure diminish the 
further out the decompression is completed from the time of diagnosis [6, 7]. Surgical 
techniques include the medial approach of Henry, combined medial and lateral inci- 
sions, two dorsal incisions, or a combination of these based on the underlying injury [3, 
7, 18, 21, 25, 26]. A long plantar medial utilitarian incision has also been described [27, 
28]. Currently, the three-incision approach is most commonly used, and it is based on 
the nine-compartment model of the foot. A medial incision is made 4 cm anterior to the 
posterior aspect of the heel and 3 cm superior to the plantar surface of the foot and is 
extended 6 cm distally. Through this medial approach, the media, superficial central, 
deep central, and lateral compartments are released. Two dorsal incisions are made to 
release the interosseous and adductor compartments. One incision just medial to the 
second metatarsal and one just lateral to the fourth metatarsal, this ensures an adequate 
skin bridge [6, 13, 28]. Overall, there are multiple fasciotomy techniques that exist for 
treating foot compartment syndrome, but no clear consensus on which technique pro- 
vides the best patient outcome [3]. Additionally, the underlying nature of the injury as 
well as the potential for surgical intervention to treat the injury should be considered 
when planning incisions for compartment release, as specific placement of certain inci- 
sions is critical for definitive surgical treatment of these conditions. 


Potential Complications and Sequelae 
Surgical 


Many authors recommend fasciotomy as treatment of choice for acute compartment 
syndrome of the foot; however, this is not without morbidity. After the fasciotomy 
has been performed, many recommend maintaining skin incisions open and per- 
forming secondary debridement, with or without the use of negative pressure wound 
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dressing. This can be utilized until the swelling subsides enough for delayed primary 
closure or application of a split-thickness skin graft [3, 17, 18, 20, 22]. Even with 
this technique, the rate of superficial infection has been reported to be as high as 
20%. Skin sloughing, necessitating split-thickness skin grafting, has also been 
described [20, 22]. In one study, near two-thirds of patients who underwent decom- 
pressive fasciotomy complained of pain, discomfort, and stiffness with ambulation 
at a 1-year follow-up, and 17% of patients developed postoperative paresthesias 
[17]. In addition, residual claw toe, injury to the medial plantar nerve, and severe 
scarring have also been reported [3]. Results have been variable with regard to qual- 
ity of life after fasciotomy for FCS. In a prior retrospective study, only four of 26 
patients who underwent foot fasciotomies were able to return to work [17]. However, 
most recent data reports that 78% of patients who underwent fasciotomies for FCS 
were able to return to work [29]. While these studies do provide outcome informa- 
tion after fasciotomies of the foot, the impact of the underlying bony injury on the 
overall patient outcome compared with the impact of the fasciotomy is unclear [3]. 


Nonsurgical 


The goal of nonsurgical management is to achieve a functional, plantigrade, and pain- 
less foot. Potential sequelae include development of ischemic contractures, neuropa- 
thy, deformity, and chronic pain [11, 30, 31]. Ischemic contractures of the lesser toes 
can arise secondary to soft-tissue damage within the foot compartments and have 
been reported to occur within 13 months after the time of injury [11, 17, 28]. The type 
of toe deformity depends on the involved muscles, and the most commonly associated 
with contractures in the foot are hammertoe and claw toe deformity [3, 11, 18, 20, 
28]. Hammertoes occur as a result of an imbalance between the extrinsic and intrinsic 
muscles of the foot. Due to FCS, the intrinsic toe flexors are weakened, thereby 
resulting in overpull of the flexor digitorum longus muscle. This leads to a flexion 
contracture of the proximal interphalangeal (PIP) joint with the distal interphalangeal 
joint in neutral or extension [28, 32]. Claw toe deformity also results from extrinsic 
muscle overpull against relatively weak intrinsic toe musculature (short flexors, inter- 
ossei, and lumbrical muscles) [7]. This leads to extension of the metatarsophalangeal 
(MP) joint with flexion in the proximal and interphalangeal (PIP and DIP) joints. The 
key component in differentiating claw toes from hammer toes is hyperextension of 
the MP joint [32]. Neurologic deficit and chronic pain may result from injury to the 
posterior tibial nerve as it crosses near the calcaneal compartment [3, 11]. 


Controversies 


Failure or delay to diagnose acute compartment syndrome may lead to irreparable 
soft-tissue damage and poor long-term function [3, 7, 22, 33]. Controversy exists 
regarding acute versus delayed management of FCS. Limited data exists regarding 
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long-term outcomes of patients who develop an acute FCS. Many authors advocate 
toward emergent fasciotomy in attempts to improve blood flow by decreasing intra- 
compartmental pressures and prevent nerve-based pain; however, this belief is not 
universally shared due to the inherent risks of these procedures. Techniques for 
compartment release are inconsistent in the literature, likely arising from the debate 
regarding the number of foot compartments that exist and the compartments that are 
clinically relevant for decompression. To this date, there are no prospective, ran- 
domized trials comparing alternative approaches in the treatment of foot compart- 
ment syndrome. Further research on the outcomes of acute fasciotomy versus 
delayed management is needed. Patients must be counseled on the reported out- 
comes and potential complications of both surgical compartment release and non- 
surgical management, thus allowing the patient to make an informed decision 
regarding treatment. 


Take-Home Message 

e Failure or delay to diagnose acute compartment syndrome may lead to 
irreparable soft-tissue damage and poor long-term function. 

e Limited data exists regarding long-term outcomes of patients who develop 
an acute FCS. 

e Near two-thirds of patients who underwent decompressive fasciotomy 
complained of pain, discomfort, and stiffness with ambulation at 1-year 
follow-up. 

e Potential sequelae of nonsurgical management include development of 
ischemic contractures, neuropathy, deformity, and chronic pain. 

e Patients must be counseled on the reported outcomes and potential compli- 
cations of both surgical compartment release and nonsurgical manage- 
ment, thus allowing the patient to make an informed decision regarding 
treatment. 

e If considering surgical FCS release, surgical approach should take into 
consideration definitive treatment of the underlying injury. 
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Chapter 11 A 
Management of Missed Compartment ges 
Syndrome 


Douglas W. Lundy and Jennifer L. Bruggers 


Much has been written about acute compartment syndrome, and a recurring theme 
throughout the literature is that “the treating physician should never miss the diag- 
nosis.” Early diagnosis and treatment is a well-recognized factor that is integral to 
optimal outcomes after acute compartment syndrome. Unfortunately, many sur- 
geons who are specialized in trauma care will see patients who present with a missed 
compartment syndrome. These patients may have had slowly evolving symptoms 
that persisted longer than the treating surgeon was aware in retrospect, or they may 
present with clear-cut missed compartment syndrome. In these situations, surgeons 
are faced with difficult treatment decisions and uncomfortable conversations with 
patients. 

There are several reasons why a patient may appear with a delayed presentation 
of acute compartment syndrome. Unfortunately, many surgeons are often accused 
of medical negligence in these situations. Some patients may appear with a clinical 
picture that is unclear and have a slowly evolving compartment syndrome. Patients 
with perceived poor pain tolerance or a history of excessive opioid use may present 
with an acute compartment syndrome that can be difficult to diagnose. Poor com- 
munication with staff who fail to understand the alarming signs of compartment 
syndrome may also result in delayed diagnosis and subsequent treatment of acute 
compartment syndrome. 

At times, compartment syndrome can be challenging to diagnose, and the signs 
and symptoms of this condition may be somewhat insensitive [1]. Ulmer [2] per- 
formed a meta-analysis of clinical studies of compartment syndrome patients and 
found that “the positive predictive value of the clinical findings was 11% to 15%, 
and the specificity and negative predictive value were each 97% to 98%.” In response 
to these findings, he stated that “the clinical features of compartment syndrome are 
more useful by their absence in excluding the diagnosis than they are when present 
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in confirming the diagnosis.” Surgeons can often rest on this truth when they suspect 
that the patient is at risk for compartment syndrome but has not yet fully developed 
the condition. We can more reliably state that “it isn’t there” than we can say “it 
absolutely is there”. 

Unfortunately, closed claim reports have documented cases of missed compart- 
ment syndrome where the treating surgeon seemed negligent in addressing the 
increasing signs and symptoms manifested by the patient. Although there are cer- 
tainly situations when delayed recognition of the diagnosis may possibly be under- 
standable, some cases just seem unexplainable. It is incumbent on the treating 
surgeon to anticipate acute compartment syndrome and be responsive when clear 
signs and symptoms present. O’Toole et al. [3] demonstrated that even highly 
trained orthopedic trauma surgeons in their Level I trauma center can have signifi- 
cantly different thresholds in diagnosing compartment syndrome. Recognizing that 
the diagnosis may be unclear and that delays in diagnosis may occur even in good 
systems, we should endeavor to make this unfortunate reality as rare as possible. 

The hallmark symptom associated with acute compartment syndrome is “pain 
out of proportion.” Patients who are sedated and intubated on ventilator support, 
head injured with a low GCS, or paralyzed from the spinal cord or other injury may 
be unable to communicate that they have severe pain, and the chance of missing the 
diagnosis of compartment syndrome increases significantly in these situations. 
Surgeons must communicate with staff to be very wary of acute compartment syn- 
drome in “at-risk” patients and be vigilant for the signs of this condition. Clinical 
examination, to include increased pressure in the compartment upon palpation, pal- 
lor, and pulselessness, must be reported immediately to the surgeon. Recognizing 
that pulselessness and pallor may indicate that damage to the limb has exceeded the 
window for salvage, it is still extremely important for this finding to be communi- 
cated to the treating surgeons so that expedited treatment decisions can be consid- 
ered. Certainly, no one wants to hear these findings as the first communication that 
a compartment syndrome is present, but the surgeon must consider the best options 
for the patient if this is the case. 

Certain fracture patterns may forewarn the surgeon that the patient has an 
increased chance of developing a compartment syndrome, and the surgeon should 
have increased awareness of these factors in the patient that is difficult to assess. 
Auld et al. [4] found that AO/OTA type C forearm fractures were more likely to 
develop compartment syndrome than type A or B fractures. This study affirms the 
adage that extremities with fracture types associated with higher-energy injuries 
(such as comminuted patterns) also sustain increased energy in the soft tissue com- 
ponent, increasing the subsequent risk for acute compartment syndrome. Stark et al. 
[5] showed that medial tibial plateau fracture dislocations have a higher rate of 
compartment syndrome than the Schatzker VI tibial plateau fracture. Orthopedic 
surgeons should be extra vigilant when treating patients with injury patterns that are 
well-known to be associated with compartment syndrome. 

An interesting injury pattern is the foot compartment syndrome associated with 
severe calcaneal fractures. Some surgeons believe that the treatment of foot com- 
partment syndromes may in fact be worse than the sequelae of the syndrome. 
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Rosenthal et al. [6] found that the compartment syndrome patients in their series of 
calcaneal fractures had “toe clawing, permanent loss of function, persistent pain, 
muscle atrophy, contracture, painful warts, weakness, and sensory disturbances.” 
They found that the patients with compartment syndrome reported functional out- 
comes that were significantly worse than those without compartment syndrome and 
that the Sanders III and IV fractures were the most likely to develop compartment 
syndrome. The pain associated with calcaneal fractures can be severe, and the sur- 
geon should be aware that a compartment syndrome may exist in these situations. 
The surgeon should communicate the risks and benefits of fasciotomy with the 
patient and family so that they can make an informed decision regarding 
treatment. 

Increased pressure to palpation in the compartment is a poor and inconsistent 
method to diagnose compartment syndrome, but this manifestation may be one of 
the very few clinical indicators left in the insensate or uncommunicative patient. 
Shuler and Dietz [7] examined the accuracy of orthopedic surgery resident’s ability 
to estimate compartment pressures through palpation of the affected extremities. 
They found that the positive predictive value was 70%, and the negative predictive 
value was 63%. Although palpation of the limb and estimating pressure is not an 
ideal method for diagnosing compartment syndrome, there are situations when this 
sign may be the best that we have. Garner et al. [8] suggested that serial exams of 
the firmness of the compartments may be more sensitive in assessing for compart- 
ment syndrome, and they advocated that this may be a useful test in certain 
situations. 

Advances in technology have not provided innovative and reliable methods to 
detect acute compartment syndrome. Shadgan [9] found that serologic studies are 
ineffective in the diagnosis of this condition. They found that creatinine kinase, 
myoglobin, and fatty acid-binding protein are elevated in injured patients as well as 
those in acute compartment syndrome, and these tests are insensitive in this regard. 
Wieck et al. [10] analyzed the ability of a polarographic probe to detect compart- 
ment syndrome by measuring differences in the partial pressure of oxygen in an 
animal model, but this has not been tested in human patients. This technology may 
have clinical application in the future. 

Although most orthopedic trauma surgeons agree that the diagnosis of acute 
compartment syndrome should be based on the clinical presentation of the patient, 
the use of intracompartmental pressure measurements may be useful when assess- 
ing the insensate or obtunded patient. Collinge et al. [11] performed a survey of the 
Orthopedic Trauma Association and found that these assertions are widely accepted. 
Intracompartmental pressure may be considered as a part of the assessment of com- 
partment syndrome, but these measurements should not stand alone as the sole deci- 
sion point for treatment decisions. Intracompartmental pressure measurements are 
often unnecessary in the awake and alert patient, but they may provide valuable 
information in patients who cannot assess their pain and actively interact with the 
surgeon regarding decision making. 

Indwelling pressure catheters providing constant measurement of compartment 
pressure have been shown to be ineffective in accurately diagnosing acute 
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compartment syndrome. Harris et al. [12] found that 18% of their patients with 
indwelling catheters had a recorded Ap less than 30 mm Hg. None of these patients 
ever manifested a compartment syndrome, and none were treated with fasciotomy. 
The overall incidence of acute compartment syndrome in their study was 2.5%, and 
performing fasciotomy based only on reported increased pressure measurements 
would have been unindicated. Likewise, Prayson et al. [13] found in their study that 
84% of patients had a Ap measurement less than 30 mm Hg and that 58% of patients 
had at least one measurement less than 20 mm Hg. None of the patients in their 
study developed a compartment syndrome. Ho et al. [14] measured the pressure in 
all four compartments of the leg at the beginning of surgery and immediately after 
reaming the tibia. They found that 23% of the patients had AP < 30 mm Hg, yet 
none of them ever manifested clinical signs of compartment syndrome nor needed 
fasciotomy. 

There are situations when a surgeon may accept a patient in transfer that has 
developed a compartment syndrome while in transit or still in the care of the refer- 
ring physician. This can be extremely challenging since the surgeon often has no 
good information concerning when the compartment syndrome began and how far 
along the patient has been in the current condition. This is especially challenging in 
the uncommunicative or insensate patient. The surgeon has the dilemma of having 
to predict the future without the benefit of meaningful information about what has 
transpired. It is paramount in these situations for the surgeon to thoroughly com- 
municate with the patient and family regarding the issues at hand and the risks of all 
decision pathways. 

Consistent vigilance is required since recognition of a developing compartment 
syndrome is critical in performing fasciotomy within the acceptable window of 
time. In the era of resident work-hour restrictions and the proliferation of midlevel 
providers, it is understandable how communication errors can increase the likeli- 
hood of a delayed diagnosis of compartment syndrome. Garner et al. [8] describe an 
algorithm that could improve communication in treatment teams, thus decreasing 
the risk of missing a compartment syndrome. Their first step was to identify patients 
“at risk” and ensure that all members of the treatment team were aware of the con- 
cern for compartment syndrome. The second step was for the on-call resident or 
midlevel provider to perform compartment checks on the patient every 2—4 hours, 
and this person was tasked with communicating the findings to the team. The “com- 
partment check” consisted of subjective pain assessment, reviewing the analgesic 
requirements since the last check and assessing the compartment fullness by palpa- 
tion, passive stretch of the muscles, and a full neurologic and pulse examination. 


Treatment 


Orthopedic surgery residents are taught that compartment syndrome must be 
treated with fasciotomy. This is one of the few “always” statements in surgery, 
and violation of this rule is claimed to result in significant injury. The literature 
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suggests however that this adage may not apply in cases of missed or delayed 
treatment of compartment syndrome. The available literature on missed compart- 
ment syndrome consists of retrospective case reports or series, and prospective 
randomized trials would be ethically inconceivable. Nonetheless, the available 
literature suggests that in certain situations, a missed compartment syndrome that 
has evolved past the acute injury phase may be treated nonoperatively in certain 
patients. 

The surgeon must try to establish how long the ischemia has been present and 
how much damage is presumed to be present in the compartment. This determina- 
tion is an extremely challenging process, and no one can consistently determine the 
clinical outcome in these cases. Nevertheless, an understanding of how long the 
ischemic injury has been occurring is very important in determining whether fasci- 
otomy may prevent further damage or if that same procedure will begin the process 
toward amputation of the limb. All too often, a clear determination of ischemia time 
is impossible to determine, and the surgeon must make the best decision possible 
based off of limited and flawed data. 

Glass et al. [15] performed a systematic review of the limited literature regarding 
missed lower extremity compartment syndrome. They identified nine studies that 
comprised 57 patients with missed compartment syndrome. They graded these stud- 
ies as either “low” or “very low” quality. All but one patient in these reported series 
had emergent fasciotomy, and the subsequent amputation rate was alarming. They 
summarized that of the 63 limbs in the 56 patients that were managed surgically, 21 
amputations were eventually required, and two patients died. The authors described 
the decision to perform emergent fasciotomy in cases of missed compartment syn- 
drome as an act that “commits the surgeon to an amputation should the extent of 
muscle necrosis be unfavorable.” 

The same authors [15] performed a retrospective review of missed compartment 
syndrome at their facility commenting that this is a “rare and complex problem.” 
They found ten cases of missed compartment syndrome resulting from delayed pre- 
sentation, clinical error, or depressed consciousness that masked the presenting 
symptoms. They similarly had poor outcomes from surgical management of the first 
six cases, and anecdotally they managed the next four without surgery. All four of 
these cases were in individuals with compartment syndrome that affected one or 
two of the four compartments of the leg. All four of these patients seemed to fare 
better than the patients that had been treated with fasciotomy. 

A reasonable question is “if there is significant ischemic damage in the compart- 
ment that leads to necrosis, how can nonoperative treatment be an option for these 
patients?” Glass et al. [15] stated that “ischemic damage depends on the magnitude 
of pressure, muscle mass, and metabolic requirements, the duration of delay does 
not correlate linearly with the pathological sequelae observed.” Surgeons should 
carefully evaluate the patient and monitor for signs of sepsis or renal injury from 
evolving necrosis in the compartments. If there is concern that the load from isch- 
emic damage is beyond the level that can lead to a satisfactory outcome without 
surgery, the surgeon must immediately perform fasciotomy and debridement under- 
standing that this decision may lead to amputation. 
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The authors also stated that the decision to monitor missed compartment syn- 
drome in lieu of fasciotomy should only be considered in the lower extremity. They 
advocate that missed compartment syndrome in the upper extremity should be 
treated with emergent surgery. Missed compartment syndrome in the upper extrem- 
ity “represent a different clinical entity where preservation of fine motor function is 
of paramount importance.” 


Legal Issues 


Unfortunately, missed compartment syndrome does occur, and it is a leading cause 
of medical liability claims filed against orthopedic surgeons [1]. Patient care must 
always be the center of our efforts and attention, but one cannot ignore the prevalent 
threat of medical liability litigation and the tremendous impact that it has on medi- 
cal providers. While we must endeavor to always do what’s best for patients, a 
consideration of the medicolegal risks is appropriate. 

Bhattacharyya and Vrahas [16] examined 19 closed claims on 16 patients who 
sued their physician claiming negligence in the treatment of their acute compart- 
ment syndrome. The physician was victorious in 10 of the 19 claims, and all 3 of the 
claims that went to trial were found in favor of the physician. Not surprisingly, poor 
physician-patient communication and increasing time to fasciotomy more likely 
resulted in an indemnity payment. In their study, they found that fasciotomy within 
8 hours of presentation of symptoms resulted in a successful defense. 

It is vital for orthopedic surgeons to clearly document their findings and their 
thought processes when treating patients with suspected compartment syndrome. 
Defense attorneys prefer clear chart notes that elucidate that the surgeon was con- 
sidering the possibility of acute compartment syndrome and their workup to rule in 
or rule out the diagnosis. While these chart notes can also be extremely helpful to 
communicate with other physicians and staff caring for the patient, they are 
extremely valuable in a medical liability defense years later. 


Summary 


An untreated compartment syndrome can be a devastating condition that can cause 
loss of limb or even life. Unfortunately, the diagnosis of compartment syndrome can 
be delayed or completely missed, and there are limited studies in the literature pro- 
viding insight for treatment decisions. In certain cases, missed compartment syn- 
drome may be monitored carefully by splinting the lower extremity in the functional 
position and observing the patient’s metabolic and renal response to the injury. If 
there is concern for significant muscle necrosis, fasciotomy and debridement may 
be required, but this can often lead to amputation. Surgeons should endeavor to be 
hypervigilant to avoid missing a compartment syndrome in their patients. 
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Chapter 12 A 
Compartment Syndrome Due to Patient gest 
Positioning 


Sascha Halvachizadeh, Kai Oliver Jensen, and Hans-Christoph Pape 


Background 


e Proper patient positioning is mandatory to provide optimal surgical access. 

e Incorrect positioning is a risk factor for potentially severe long-term 
complications. 

e Patients cannot communicate pain or other symptoms during surgery under gen- 
eral anesthesia. 

e The lithotomy position can cause increased intracompartmental pressure (ICP) 
especially in the calf. 


Epidemiology 


One of the first and critical steps for any surgery is proper patient positioning. Its 
importance is often underestimated or performed by less experienced personnel. It 
is important to ensure adequate surgical exposure and optimal surgical access. 
Careful positioning also minimizes the risk of perioperative complications. Optimal 
perioperative positioning depends on the procedure and the surgeons’ preferred 
approach. In the United States, 16% of surgically treated patients claim neural inju- 
ries while under anesthesia. In medical malpractice cases, injuries to the ulnar nerve 
(28%) or brachial plexus (20%) were most commonly claimed. Nearly half (45%) 
of these patients received a median payment of USD 35,000 for their claims [1]. Of 
these malpractice claims, 21.5% reported pressure ulcers due to inadequate surgical 
positioning [2]. The less physiologically the patient is positioned, the higher the 
risks for position-related complications. 
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An equally severe perioperative complication is compartment syndrome due to 
improper patient positioning. Its development is particularly dangerous because 
patients are unable to express pain and discomfort. Orthopedic and trauma surgeons 
are familiar with compartment syndrome treatment. However, other surgical spe- 
cialties may only be confronted with compartment syndrome in the face of improper 
patient positioning of their own patients. Compartment syndrome develops most 
commonly in the calf. Prolonged positioning with intrusion of the forearm height- 
ens the risk of development of a compartment syndrome. Further, one general risk 
factor that must always be considered is coagulopathy. 

Positioning should maximize pressure distribution to avoid compression injuries 
to soft tissues or underlying neural structures. Every potential surgical position has 
advantages and pitfalls that medical personnel should be familiar with and consider 
when preparing for the procedure. This chapter serves to highlight specific risk fac- 
tors in patient positioning for operative and nonoperative procedures in a variety of 
surgical subspecialties. 


Compartment Syndrome 


General Causes of Compartment Syndrome During Patient 
Positioning 


In general, compartment syndrome is a result of decreased perfusion in a well- 
defined physiological space, associated with increased compartment pres- 
sure. Risk factors for the development of a compartment syndrome include the 
following: 


e Prolonged direct pressure of the affected compartment. This scenario leads to 
edema, which increases compartmental pressure. 

e Venous obstruction can elevate compartment pressures. Decreased venous drain- 
age leads to extracellular fluid accumulation and edema. 

¢ Insufficient perfusion. Diminished perfusion decreases tissue oxygen saturation 
leading to hypoxia, cellular edema, and ultimately cell death. 

e Positioning of extremities alone can change intracompartmental pressures. For 
example, sustained dorsiflexion of the ankle physiologically increases intracom- 
partmental pressure of the calf. 

e Inappropriate fluid accumulation, for example, during misplaced/extravasal IV 
line. 

e Increased bleeding due to coagulopathy. 

e Duration of the procedure: After more than 5 hours of surgery, the risk of com- 
partment syndrome rises significantly. 


Surgeons must bear these considerations in mind during patient positioning for 
every individual procedure (Table 12.1). 
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Table 12.1 Summary of general risk factors in the development of a compartment syndrome 
during patient positioning or during surgical procedure 


Prolonged surgery time (>5 hour) 
Lithotomy position 

Pressure on extremities 

Vascular obstruction 

Vascular procedures 
Inappropriate fluid accumulation 


Prolonged pressure 


Hypoperfusion 
Coagulopathy 


Fig. 12.1 Supine position with typical pressure points 


Specific Surgical Positions Associated with Compartment 
Syndrome 


Supine Position 


Supine positioning is the most common surgical position and is the most physiologic 
position of an anesthetized patient (Fig. 12.1). Its advantages include ease of access 
to the abdomen, thorax, and extremities as well as the ease and speed of patient 
positioning. However, the supine position is subject to common complications 
including injury to superficial peripheral nerves and pressure ulcers. Injuries to the 
brachial plexus or venous obstruction in the neck due to lateral rotation of the head 
have also been reported. Acute compartment syndrome of the extremities rarely 
develops in the supine position. However, in prolonged surgeries or modified supine 
positioning, compartment syndrome has been reported. Positioning the limbs away 
from the body (such as 90° abduction of the upper extremity onto arm table) and 
subsequently fixating the positioned extremities pose the following risk factors: 


e Pressure on the extremity due to fixation or a surgeon leaning against an 
extremity 
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e Extremities elevated above the level of the heart such as in angulated supine 
positioning 
e Venous obstruction such as thoracic outlet syndrome 


Lateral Decubitus Position 


General complications of lateral decubitus positioning are similar to those found 
with the supine position (Fig. 12.2). The lateral decubitus position allows lateral 
approaches to the hip and the lower extremities. Moreover, it is used for certain 
spine procedures, some shoulder surgeries, and fibular bone grafting harvesting. In 
this position, the patient lies on the side with flexed hips and knees. The head should 
maintain a neutral position, and osseous prominences need sufficient padding. 
Prolonged discomfort raises the risks for subsequent complications. Similar to the 
lithotomy position, the lateral decubitus position is associated with the following 
risk factors for compartment syndrome: 


Fig. 12.2 Example of lateral decubitus position 
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e Pressure on the contralateral lower extremity 
e Venous obstruction in the inguinal region due to hip flexion 


This condition can lead to limb complications including ischemia, transient par- 
esthesias, and rhabdomyolysis with the subsequent potential for renal failure. In one 
study, transient neurologic symptoms occurred after 5 hours and 45 minutes, with 
persistent neurologic deficits occurring after 8 hours. Another study that measured 
compartment pressures in healthy volunteers found that anterior tibial compartmen- 
tal pressures in the bottom positioned contralateral leg could reach 240 mm Hg [3]. 
Compartment pressures of the anterior compartment of the bottom leg during com- 
pression by the upper leg showed elevated maximum average pressures of 57 mm 
Hg when padded on a soft surface and rises to an average 64 mm Hg on hard sur- 
faces. The bottom upper extremity, compressed by the torso, showed maximum 
average compartment pressures of 100 mm Hg in the anterior flexor compartments. 
When the risk factors of pressure and vascular obstruction are combined, the risk of 
compartment syndrome rises significantly, especially in the bottom lower limb. 


Prone Position 


The prone position (Fig. 12.3) is one of the more complex surgical positions because 
it requires a high number of assistants to position the patient. Further, it requires 
increased anesthesiologic attention to ventilation and airway management, such as 
affirming proper endotracheal tube positioning by using mirrors. Prone spinal sur- 
gery may lead to bilateral superior iliac pressure ulcers. With respect to compart- 
ment syndrome, the following risk factors need to be considered when positioning 
the patient in prone position: 


Fig. 12.3 Prone position: This position is more complex because it requires more personnel and 
higher anesthesiologic attention prior and during positioning 
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e Vascular obstruction in the inguinal region due to the patients’ weight 
e Pressure on the thighs 
e Intra-orbital edema due to increased pressure in the fascial region 


Fortunately, no wide-spread reports of compartment syndrome are available. One 
case [4], however, reported a compartment syndrome of the anterior compartment of 
the thigh after a procedure on the lumbosacral spine in prone position. Vascular 
obstruction in the inguinal region was postulated as the most likely cause of this com- 
plication. The combination of diminished inguinal blood flow and increased local 
pressure on the thigh in overweight patients raises the risk of developing compartment 
syndrome. Visual loss is also a known complication associated with prone position- 
ing. Should a patient’s head be positioned improperly on a soft headrest device, par- 
ticularly if direct pressure on the eye is observed, the risk of orbital edema and 
subsequent compartment syndrome rises. While this complication is very rare, cases 
of ischemic orbital compartment syndrome have been reported in the literature [5]. 


Lithotomy Position 


The lithotomy position is a supine surgical position that is most commonly associ- 
ated with compartment syndrome. Surgeons use this position for optimal access to 
the pelvic and perineal organs (Fig. 12.4). The patient is placed supine while hips 


Fig. 12.4 Lithotomy position: During procedure, the surgeon gains good access to the perineal 
region. The elevated legs and the flexion in the hip are next to the pressure on the lower extremities 
considered as risk factors in the development of compart syndrome most commonly in the calf region 
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and knees are flexed as both legs are elevated. The legs are abducted, flexed, and 
elevated for adequate access to the lower abdomen and pelvic region. The most com- 
mon complication associated with this position is neuropraxia of the common pero- 
neal nerve (15.8%) [6] followed by compartment syndrome of the lower extremity. 

The following characteristics of the lithotomy position are risk factors for the 
development of compartment syndrome: 


e Pressure on the lower legs due to fixation of the legs on a support 
e Legs elevated above the level of the heart 
e Venous obstruction in the inguinal region due to hip flexion 


The fixation of the legs produces increased external pressure, which subsequently 
causes intracompartmental edema, thereby raising intracompartmental pressure 
which may ultimately lead to compartment syndrome. Elevation of the legs above 
the level of the heart lowers local tissue perfusion, inducing hypoxia and producing 
edema or even tissue necrosis. In extreme cases, rhabdomyolysis and compartment 
syndrome result. Oftentimes, the lithotomy position requires hip flexion of at least 
90°. Venous obstruction in the inguinal region may result, thereby lowering venous 
return, which allows interstitial fluid to accumulate, causing edema and increased 
compartment pressure. 


Beach Chair Position 


The beach chair position is characterized by Trendelenburg tilt of 10°—15°, 45°—60° 
of hip flexion, and 30° of knee flexion. Complications associated with this position 
include hypotensive bradycardic events, venous air embolism, hypoglossal nerve 
palsy, and neuropraxia of cutaneous nerves of the cervical plexus [7, 8]. Compartment 
syndrome risk factors include the following: 


e Inguinal venous obstruction 

e Pressure on the extremity due to fixation 

e Elevation of the lower extremities due to Trendelenburg in modified beach chair 
positioning 


In a case report of a laparoscopic robot-assisted cystoprostatectomy in modified 
beach chair position with Trendelenburg for 6 hours and total surgery time of 
11 hours, Galyon et al. [9] reported compartment syndrome of limbs requiring fas- 
ciotomy. The etiology was postulated to be a combination of long duration of sur- 
gery, high BMI (33.9 Kg/m?), obstruction of venous outflow in the lower extremity, 
hypoperfusion, and pressure due to fixation. 


Gluteal Compartment Syndrome 
While gluteal compartment syndrome has only rarely been reported in the literature, 


anatomic studies show that the gluteal musculature is compartmentalized. A sys- 
tematic review of the literature found 28 cases of gluteal compartment syndrome 
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Table 12.2 Position-specific pathophysiologic response in the development of compartment 
syndrome 


l Lithotomy position Elevation of the legs 


Pressure on legs due to fixation 


Vascular obstruction in the inguinal region 
Lateral decubitus position Pressure on the lower extremities on the nonoperated site 


Obstruction of vascular structures in the inguinal region 


Supine position Pressure on extremities 


Vascular obstruction in the neck 


Elevation of extremities in angulated supine positioning 


Prone position Vascular obstruction in the groin 


Pressure on the thigh 


Increased pressure in the facial region 


Beach chair position Inguinal vascular obstruction 


Pressure on extremities due to fixation 


Elevation of the extremity 


reported in the literature with the most common cause being prolonged immobiliza- 
tion, accounting for 50% of cases [10]. Other major causes included trauma in 21% 
of cases and joint arthroplasty in the setting of epidural analgesia also in 21% of 
cases. Prolonged pressure on the gluteal area leads to hypoperfusion with subse- 
quent tissue necrosis. Subsequent edema combined with venous obstruction raises 
intracompartmental pressure and increases the risk of developing gluteal compart- 
ment syndrome. Overall, risk factors include the following: 


e Prolonged immobilization 

e Epidural analgesia in the setting of joint arthroplasty 

e Infection 

e Trauma 

e Vascular surgery 

e Intramuscular drug abuse 

e Altered level of consciousness (alcohol or drug overdose) 


The position-specific risk factors are summarized in Table 12.2. 


Intraoperative Diagnosis of Compartment Syndrome 


Diagnosing compartment syndrome intraoperatively is challenging. The surgeon 
must be aware of major risk factors associated with the development of compart- 
ment syndrome including the following: 


e Prolonged time of surgery (>5 hours) 
e Lithotomy position 

e Pressure on the extremities 

e Inguinal vascular obstruction 
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If a compartment syndrome is suspected intraoperatively, the authors recom- 
mend measuring intracompartmental pressures with an ICP device while the 
patient is under general anesthesia. Normal physiologic supine intracompartmental 
pressure of an extremity at heart level is 5 mm Hg. Compartment syndrome is 
defined as an intracompartmental pressure 30 mm Hg greater than the diastolic 
blood pressure and serves as the threshold for surgical decompression of the com- 
partment [11]. 


Therapeutic Recommendations 


Therapy bases exclusively on decompression of all compartments of the affected 
extremity. The most effective and commonly used method is complete dermato- 
fasciotomy (Fig. 12.5). We recommend protecting the fasciotomy with negative- 
pressure wound therapy (VAC), although a polyurethane synthetic skin substitute 
such as Epigard® may also be used. Secondary closure often follows about 5 days 
postoperatively depending on soft tissues. 


Limitations and Pitfalls 


The diagnosis of compartment syndrome is challenging, especially intraoperatively 
during general anesthesia, because patients are not able to express their symptoms. 
The lithotomy position is most commonly associated with the development of posi- 
tional compartment syndrome. This position is mainly used for urologic and gyne- 
cologic procedures. Oftentimes, urologists and gynecologists are not routinely 
involved in treating compartment syndrome, as treatment is usually managed by 
general, orthopedic, or trauma surgeons. Physicians that are experienced in the 


Fig. 12.5 Intraoperative 
documentation of an early 
compartment syndrome 
depicts immediately below 
the fasciotomy and 
swelling of the calf muscle 
as a sign of early 
compartment syndrome 
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diagnosis and treatment of compartment syndrome should be promptly consulted if 
a compartment syndrome is suspected intra- or postoperatively. 

While technical and digital advances in surgery provide huge potential for mini- 
mally invasive surgery with less surgical complications and morbidity, it is also 
associated with new complications. This case is especially true in robotic surgery 
(e.g., DaVinci) as the surgeon is not directly next to the patient. While focus on the 
procedure is high, the overview of the patient as a whole decreases, which poten- 
tially risks missing perioperative complications around the operating field. 


Future Directions 


Compartment syndrome due to surgical positioning is an uncommon complication, 
but can be associated with severe impacts on patient quality of life. The develop- 
ment of noninvasive devices for monitoring intracompartmental pressure intraop- 
eratively and postoperatively represents a useful direction for future research and 
development. 
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Chapter 13 A 
Acute Compartment Syndrome ges 
in Children 


David J. Hak 


Compartment syndrome can occur due to a number of different etiologies, but most 
frequently occurs following high-energy trauma, which is less frequent in children 
than it is in adults. While the pathophysiology of compartment syndrome is the 
same as in adults, unique aspects of pediatric compartment syndrome include the 
challenges in examining and communicating with very young children. In addition, 
because the condition occurs uncommonly in children, providers caring for children 
may be unfamiliar with the signs of symptoms of patients developing compartment 
syndrome. While acute compartment syndrome in adults typically is observed to 
develop with the first 24 hours after injury, it has been suggested that the time 
between injury and development of peak compartment pressures may be longer in 
children [1]. Even longer times from inciting event or symptoms onset has been 
reported in children developing non-fracture-related compartment syndrome [2]. 


Epidemiology 


Trauma is the most common etiology for the development of compartment syndrome 
in both children and adults. Additional non-traumatic causes of compartment syn- 
drome include vascular injuries, surgical positioning, infections, and envenomation. 

Compartment syndrome can affect children of any age. In children <10 years of 
age who develop compartment syndrome, the etiology is usually due to a vascular 
injury or infection, while in children >14 years of age, the etiology is usually due to 
trauma or surgical positioning [2—4]. Compartment syndrome occurs more commonly 
in males, especially adolescent males, and is associated with a higher rate of high- 
energy traumatic injuries in these patients who have a larger muscle mass [1-3, 5, 6]. 
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Historically, compartment syndrome was most frequently seen in children with 
supracondylar humerus, forearm, and femoral shaft fractures [7]. Treatment of 
supracondylar humerus and femoral shaft fractures has changed over time, leading 
to a decrease in the associated incidence of compartment syndrome following these 
injuries. Supracondylar humerus fractures that historically were treated with closed 
reduction and casting in hyperflexion now undergo closed reduction and percutane- 
ous pinning without the need to immobilize in hyperflexion. Femur fractures that 
historically were treated with 90-90 skeletal traction are now treated in a spica cast 
or with surgical fixation (flexible nailing or percutaneous plate fixation). 

Currently, the most common condition causing development of compartment 
syndrome in children, as it is in adults, is trauma, resulting in tibial shaft fractures. 
Approximately 40% of pediatric compartment syndromes are due to tibial shaft 
fractures [4, 8]. 


Diagnosis 


The diagnosis of acute traumatic compartment syndrome in children less than 5 
years of age is especially challenging [1]. Very young children may not be able to 
accurately verbalize their symptoms, increasing the challenge in accurately diag- 
nosing compartment syndrome. Young children may also have difficulty cooperat- 
ing with the physical examination for compartment syndrome. While diagnosis is 
typically based on clinical examination findings in the setting of an injury placing 
the child at risk for compartment syndrome, measurement of compartment pressure 
may be required. This can be difficult or impossible in a young awake child and will 
often require some form of conscious sedation. 

While the five Ps (pain out of proportion or increasing in severity, pain with pas- 
sive stretch, palpable tenseness, paresthesia, and paralysis/motor weakness) remain 
a common criteria for diagnosing compartment syndrome in adults, a pneumonic of 
three As has been suggested for use in children. These findings include increasing 
anxiety, increasing agitation, and increasing analgesic requirements [9]. 


Tibia Fractures 


Tibia fractures, especially high-energy injuries, represent the most common condi- 
tion in which children develop compartment syndrome. In a review of 43 acute 
compartment syndromes associated with pediatric tibial fractures, 83% of cases 
were caused by motor vehicle accidents [1]. Development of compartment syn- 
drome has been reported to occur in 4% of children sustaining an open tibial frac- 
ture [10]. A more recent review reported an 11.6% rate of compartment syndrome 
in 216 pediatric patients sustaining tibial fractures [3]. An increased use of compart- 
ment pressure measurement in this series may explain the higher rate of 
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compartment syndrome diagnosis. Multivariate analysis in this study found that 
injuries due to motor vehicle accidents and children >14 years of age are at a higher 
risk for developing compartment syndrome. The rate of developing compartment 
syndrome was 48% in the subset of children >12 years of age with a tibia fracture 
due to a motor vehicle accident. In a large series examining the National Pediatric 
Trauma Registry, the incidence of compartment syndrome for open tibia fractures 
was 6.2% and for closed tibia fractures was 3.3% [5]. 

Tibial tubercle fractures represent a unique increased risk for the development of 
compartment syndrome in children. Associated injury to the anterior tibial recurrent 
artery can result in compartment syndrome of vascular compromise in as many as 
10% of children sustaining tibial tubercle fractures [11]. 

A unique form of compartment syndrome centered in the region of the extensor 
retinaculum was reported in six children with distal tibial physeal fractures [12]. 
These patients presented with classic signs and symptoms of compartment syn- 
drome including severe pain and ankle swelling, first web space hypoesthesia, 
extensor hallucis longus and extensor digitorum communis weakness, and pain with 
passive toe flexion. Compartment pressure measurements beneath the extensor reti- 
naculum were > 40 mm Hg, while measurements in the anterior muscle compart- 
ment were < 20 mm Hg. These patients underwent release of the superior extensor 
retinaculum and stabilization of their fractures, resulting in rapid resolution of their 
symptoms. 


Supracondylar Humerus Fractures 


The reported incidence of compartment syndrome with contemporary treatment of 
supracondylar humerus fractures is only 0.1%-0.3% and most commonly involves 
the volar compartment of the forearm [13, 14]. While the volar forearm compart- 
ment is most commonly affected in cases of compartment syndrome following 
supracondylar humerus fracture, compartment syndrome involving the anterior 
arm, posterior arm, and mobile wad has also been reported [15, 16]. The diagnosis 
of compartment syndrome can be challenging in patients with supracondylar 
humerus fractures and median nerve palsy since the nerve injury may impair the 
child’s pain sensation. 

Increased risk of compartment syndrome occurs when supracondylar fractures 
are immobilized in greater than 90° of elbow flexion. Elbow flexion >90° was 
identified as a contributing factor in 8 of 9 cases of volar forearm compartment 
syndrome that occurred following closed reduction of a supracondylar humerus 
fracture [7]. 

Associated vascular compromise, in which swelling may be exacerbated during 
reperfusion, also increases the risk for development of compartment syndrome. In a 
series of supracondylar humerus fractures in which pulses were absent, compartment 
syndrome developed in 2 of 9 children without adequate hand perfusion, while no 
cases developed in 24 children with a pulseless but perfused hand [17]. 
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Urgent treatment of displaced supracondylar humerus fractures had previously 
been recommended, but several studies have shown that an 8—12-hour delay in their 
treatment does not increase the risk of compartment syndrome [18-21]. Urgent treat- 
ment is still recommended for patients who present with a significant neurovascular 
deficit, and close monitoring is recommended in patients with severe swelling [22]. 


Forearm Fractures 


Compartment syndrome has also been described in children sustaining both bone 
forearm fractures. In a large series examining the National Pediatric Trauma 
Registry, the incidence of compartment syndrome for open forearm fractures was 
2.3% and for closed forearm fractures was 0.72% [5]. In smaller series, the inci- 
dence of compartment syndrome in children sustaining open forearm fractures has 
been reported to range from 7.7% to 11% [6, 23]. 

One study has suggested that extensive closed manipulation, as measured by 
length of operative time, increases the risk for development of postoperative com- 
partment syndrome in children whose forearm fractures are treated by intramed- 
ullary nailing [24]. Investigators in this study reported the development of forearm 
compartment syndrome following intramedullary nailing occurred in 6% of open 
fractures and 10% of closed fractures. In comparison, they reported no compart- 
ment syndromes in 205 forearm fractures treated by closed reduction and casting. 
The use of a small incision has been advocated to minimize the amount of manip- 
ulation and facilitate reduction during intramedullary nailing of closed forearm 
fractures [6]. Using this technique in approximately half of their cases, they 
reported no compartment syndromes in 74 operatively treated closed forearm 
fractures. 

Early surgical fixation may increase the risk of developing compartment syn- 
drome. Two cases of compartment syndrome occurred in 30 children with forearm 
fractures treated with intramedullary nailing within 24 hours of injury, while none 
occurred in 73 patients treated more than 24 hours after injury [25]. 


Ipsilateral Humerus and Forearm Fractures 


Children sustaining floating elbow injuries, ipsilateral distal humerus and forearm 
fractures, may have an increased risk for compartment syndrome. In one small 
series of nine patients, the incidence of compartment syndrome in this injury pattern 
was reported as 33% [26]. In another small series, two cases of compartment syn- 
drome and four cases of impending compartment syndrome were reported in ten 
patients with floating elbow injuries in which the forearm fractures were treated by 
closed reduction and circumferential cast immobilization. In contrast, closed reduc- 
tion and k-wire fixation of both the distal humerus and forearm fractures was safely 
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performed in six cases without the development of compartment syndrome [27]. 
The increased swelling associated with this combined injury suggests that circum- 
ferential cast immobilization should be avoided. 

Whether the floating elbow injury represents a significantly increased risk for 
compartment syndrome is questioned by a much larger series reported by Muchow 
et al. No cases of compartment syndrome were reported in this series of 150 cases 
of ipsilateral distal humerus and forearm fractures; however, they noted a higher 
rate of neurologic injury in the floating elbow injuries compared to that seen in iso- 
lated distal humerus fractures [28]. However, because there is an increased risk of 
nerve injury that can impair the diagnosis of compartment, increased vigilance for 
the possibility of a missed compartment syndrome is warranted in children sustain- 
ing a floating elbow injury. 


Femur Fractures 


The development of compartment syndrome has been described in young children 
treated with a particular 90-90 spica cast technique [29]. In most of these cases, a short 
leg cast was first applied and then traction was applied to the leg, and the authors 
speculated that this leads to impingement on the posterior compartment of the leg. 


Neonatal Compartment Syndrome 


A compartment syndrome-like condition involving the upper extremities that is 
thought to be caused by a combination of low neonatal blood pressure and birth 
trauma has been described and termed neonatal compartment syndrome [30]. This is 
a rare condition in which the diagnosis is often delayed [31]. A sentinel skin lesion of 
the forearm has been described as a clinical sign to identify this rare condition. 


Non-traumatic Causes of Compartment Syndrome 
in Children 


Although less common, it’s important to understand that compartment syndrome 
can occur in the absence of fractures and remain vigilant in these scenarios of atypi- 
cal presentation. In 12 cases of non-traumatic compartment syndrome, 10 patients 
were obtunded and treated in an intensive care unit [32]. The most common etiology 
was iatrogenic due to intravenous infiltration or failure to remove a phlebotomy 
tourniquet, and four cases resulted in an amputation. 

Other non-traumatic causes of compartment syndrome include coagulopathy due 
to hepatic failure, renal failure, leukemia, and hemophilia [33—36]. Correction of the 


130 D. J. Hak 


coagulopathy is necessary in conjunction with fasciotomy. Envenomation by snake- 
bites is another non-traumatic cause of compartment syndrome in children. The use 
of antivenin has been reported to eliminate the need for fasciotomy following rattle- 
snake bites in the majority of patients [37]. Exercise-related compartment syndrome 
can also occur, typically in adolescent males who are competitive athletes [2]. 


Treatment 


External sources of compression should be removed in patients with an impending 
compartment and the limb maintained at the level of the heart (not elevated). Routine 
close clinical examination and/or compartment pressure measurement should be 
performed in these patients. Prompt diagnosis and fasciotomy is essential in avoid- 
ing tissue necrosis and functional deficits in patients with an established compart- 
ment syndrome. As described elsewhere in this textbook, the pressure threshold for 
fasciotomy is debatable. At least one study has found that normal compartment 
pressures are higher in children than in adults. In children, the mean compartment 
pressure of the lower leg ranged from13.3 mm Hg to 16.6 mm Hg, while in adults it 
ranged from 5.2 mm Hg to 9.7 mm Hg [38]. 


Summary 


The diagnosis of compartment syndrome in children is primarily based on clinical 
examination and knowledge of injury pattern. Increasing need for pain medication fol- 
lowing a traumatic injury should alert the clinician to the possibility of compartment 
syndrome. Additional findings to consider in children include increasing anxiety and 
agitation. Compartment pressure measurement can be used in cases in which the diag- 
nosis is uncertain or in noncommunicative patients, but in children this typically requires 
sedation, and these values should be interpreted with caution since normal compartment 
pressures have been shown to be higher in children than in adults. Children with tibial 
fractures are at the highest risk for developing compartment syndrome, but several trau- 
matic and non-traumatic injuries can result in compartment syndrome. 
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Chapter 14 A 
Compartment Syndrome in Polytrauma ges 
Patients 


Christopher Lee and Robert V. O’Toole 


Background 


Diagnosing compartment syndrome in the awake and oriented patient is difficult, 
and the diagnosis becomes even more problematic in the polytrauma patient. Many 
clinicians argue that the clinical signs and symptoms are the most important compo- 
nents in identification. Prompt diagnosis and treatment are just as critical in poly- 
trauma patients for the prevention of long-term sequelae, including possible 
amputation. Unfortunately polytrauma patients who are often obtunded, intubated, 
and unable to cooperate with an examination, combined with painful high-energy 
injury to the limbs, create a very difficult environment for recognition of compart- 
ment syndrome. It is imperative to identify high-risk injuries and patients and to 
maintain a high level of clinical suspicion in those patients unable to participate in 
a clinical examination, and even then the possibility of a missed compartment syn- 
drome is very real. 
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Recommendations 


Prompt diagnosis of compartment syndrome remains the most integral factor to a 
successful outcome of compartment syndrome in polytrauma patients as it is in 
patients without polytrauma. Delay in diagnosis, and ultimately treatment of com- 
partment syndrome, has been associated with permanent sensory and motor deficits, 
contractures, infection, and at times, amputation of the limb [1-3]. 


Physical Examination 


Compartment syndrome has often been referred to as a clinical diagnosis, with vari- 
ous signs and symptoms postulated to be the most important or earliest presenting 
indicator. However, all of these clinical signs and symptoms require an alert and 
conscious patient, with a review of the literature suggesting a frequent delay in 
reaching the diagnosis of compartment syndrome as symptoms can be masked by 
other injuries in polytrauma patients [4-8]. 

Polytrauma patients have numerous risk factors for possible delay in diagnosis of 
compartment syndrome, including distracting injuries and altered consciousness. In 
the study by Frink et al., patients with multiple injuries and an Injury Severity 
Score > 16 had a mean time between admission and fasciotomy of 38 hours, in 
comparison with those patients with isolated injuries at 13 hours [9]. In those 
patients where altered mental status or pain evaluation is difficult to evaluate, the 
clinical signs of compartment syndrome become less helpful. Determining pain out 
of proportion that is expected for the injury, pain on passive stretch, paralysis and 
motor changes, and paresthesias requires a conscious and cooperative patient. Even 
in the setting of an alert patient with multiple injuries, determining the appropriate 
level of pain for a specific type of fracture is difficult. Pain can be influenced by 
psychosocial factors including anxiety, is of variable intensity, and is almost univer- 
sal following any injury [10-12]. Furthermore, while increased analgesic require- 
ments are important to assess, this is less reliable in the setting of multiple injuries 
and cannot be utilized in the presence of an unconscious patient. Paresthesia and 
paralysis are generally considered late clinical findings of compartment syndrome 
and cannot be evaluated in the unconscious patient. 

The difficulty in performing a physical examination on an intubated patient is 
evident to all clinicians who have attempted this daunting task on a polytrauma 
patient. Take, for example, an attempt at physical inspection of swelling. Palpable 
and visible swelling are almost universally seen signs with acute compartment syn- 
drome, but remain highly subjective even in an awake patient with an isolated injury. 
Assessment is routinely inadequate in polytrauma patients due to overlying splints 
and bandages and being inadequate to evaluate the deep compartments. Although 
sensitivity for this clinical finding is higher than other clinical signs and symptoms 
at 54%, the specificity (76%) and negative predictive value are far inferior (63%) 
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[13-15]. Furthermore, a physician’s ability to manually detect isolated elevations in 
leg intracompartmental pressure has been identified as poor. In the study by Schuler 
et al., the frequency with which an anterior compartment fasciotomy was recom- 
mended was 19% when the pressure was 20 mm Hg, 35% when it was 40 mm Hg, 
45% when it was 60 mm Hg, and 56% when it was 80 mm Hg. In the deep posterior 
compartment, it was 19% when the pressure was 20 mm Hg, 19% when the pressure 
was 40 mm Hg, 56% when it was 60 mm hg, and 64% when it was 80 mm Hg. 
When asked to qualify clinical interpretations of firmness as soft, compressible, or 
firm, participants descried the compartment as firm in only 45% of the cases in 
which the pressure was 80 mm Hg [16]. 


Risk Factor Assessment 


As clinical signs and symptoms are of questionable utility in the setting of the 
intubated, unalert, or sedated patient, a high index of clinical suspicion is even 
more critical in the evaluation process of compartment syndrome in a polytrauma 
patient. This can begin with recognizing demographic factors and mechanisms of 
injury that place patients at increased risk for compartment syndrome. Perhaps the 
strongest predictor of compartment syndrome after a tibial diaphyseal fracture is 
youth, with the prevalence of compartment syndrome in adolescents and young 
adults 50 times greater than in those older than 60 years. Additionally, in the study 
by McQueen et al., the highest prevalence of compartment syndrome was between 
12 and 19 years and 20 and 29 years [17]. This has previously been thought to be 
due to the relative size of the compartment and the muscle contained within it [17, 
18]. In the studies by Court-Brown et al. and Shore et al., they identified adoles- 
cents sustaining high-energy tibia fractures as at-risk patients for compartment 
syndrome [19, 20]. 

Location of the injury can also help allocate patients into high-risk and low-risk 
groups. Compartment syndrome is most classically associated with tibia fractures, 
with rates ranging from 2.7% to 15% in the literature [18—26]. In particular, high- 
energy tibial plateau fractures have been associated with a greater risk of compart- 
ment syndrome, with associated fibular fracture increasing the risk [27-29]. The 
proposed reasons behind the relative increased risk of compartment syndrome in 
comparison with other aspects of the tibia include increased muscle proximally, the 
location of the nutrient vessel, and the robust venous supply around the knee. 
Additionally, in regard to tibia fractures, fracture length greater than 20% of the 
tibial length was found to be a risk factor for compartment syndrome in the study by 
Allmon et al. [27]. 

Furthermore, radiographic predictors of compartment syndrome can become 
very useful in polytrauma patients unable to participate in the clinical examination. 
In the study by Ziran et al., the displacement of the tibial anatomic axis from the 
femoral anatomic axis divided by the width of the femur at its widest point was a 
predictor of compartment syndrome in tibial plateau fractures. They found that a 
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ratio of greater than 10% tripled the risk of developing compartment syndrome [30]. 
Additionally, ballistic fractures of the fibula and tibia have been associated with 
compartment syndrome. In particular, ballistic fractures of the proximal third of the 
tibia and fibula were at greatest risk for compartment syndrome among ballistic 
injuries [31]. 


Serum Markers 


The use of other screening tools including specific biologic markers has also been 
explored in their utility in diagnosing or identifying an at-risk patient population 
for compartment syndrome. These objective measurements may be of particular 
use in the polytrauma patient, whose mental status may prevent clinical evalua- 
tion. In the prospective observational study by Kosir et al., patients who met high- 
risk criteria including pulmonary artery catheter-directed shock resuscitation, 
open or closed tibial shaft fracture, major vascular injury below the aortic bifurca- 
tion, abdominal compartment syndrome, or pelvic or lower extremity crush injury 
underwent a compartment syndrome screening protocol at admission and every 
4 hours thereafter for the first 48 hours of admission. This screening included a 
comprehensive physical examination including lower leg circumference measure- 
ment, pain assessment, and vascular and neurologic examination, with any suspi- 
cious or unreliable physical examination findings mandating compartment 
pressure monitoring. No missed compartment syndrome was observed in the 
patients involved in this study, and the authors found during the first 24 hours of 
admission statistically greater base deficits (12.9 + 5.9 mEq/L versus 
7.5 + 5.0 mEq/L), greater lactate levels (13.0 + 5.2 mmol/L versus 
5.4 + 2.8 mmol/L), and greater PRBC requirements (28.4 units vs. 9.3 units) in 
those that developed compartment syndrome [32]. Other biological markers that 
have been associated with compartment syndrome include creatine kinase (CK) 
and lactate dehydrogenase. In patients treated with isolated limb perfusion, CK 
values exceeding 1000 IU/L after the first post isolated limb perfusion treatment 
day was correlated with compartment syndrome. LDH values peaked 2.9 days 
after CK values and was found to be less useful [33, 34]. In the study by Valdez 
et al., maximum CK greater than 4000 U/L, chloride levels greater than 104 mg/ 
dL, and BUN less than 10 mg/dL were associated with the development of com- 
partment syndrome. When all variables were absent, no patients had compartment 
syndrome. When one, two, or three of these variables were present, the percentage 
of patients with compartments syndrome was 36%, 80%, and 100%, respectively 
[35]. However, this research was a retrospective study with limited patient num- 
bers, with future studies needed to validate these findings and correlate them with 
clinical examination. Furthermore, CK values may be of limited in utility in poly- 
trauma patients, as they can be elevated due to multiple injuries rather than the 
presence of compartment syndrome. 
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Intracompartmental Pressure Measurements 


In addition to altered consciousness and other factors that interfere with history tak- 
ing and assessment of physical signs, polytrauma patients, for various reasons, may 
have lowered diastolic pressures. This scenario could place these patients at 
increased risk for compartment syndrome as it can occur at relatively lower thresh- 
old pressures. Given the lack of clinical examination, the use of invasive intracom- 
partmental pressure monitoring is appealing in this patient population. One of the 
first invasive measurement techniques used was a needle manometer, placed within 
the compartment and connected to a column filled with a mixture of saline and air, 
with the pressure calculated through the accompanying manometer [36-38]. The 
Stryker intracompartmental pressure monitor has been frequently used in North 
America, with current data suggesting optimal placement of the device within 5 cm 
of the level of the fracture but not at the level of the fracture [39, 40]. The anterior 
and deep posterior compartments of the lower leg have been most commonly advo- 
cated for measurement, as the anterior compartment is most frequently involved and 
the deep posterior compartment at increased risk for neglect [14, 22, 25, 39]. The 
threshold for decompression has undergone extensive deliberation, with the debate 
centered on using either the intracompartmental pressure alone or the differential 
pressure (A P). Studies have recognized that individual tolerance to absolute intra- 
compartmental pressure varies widely and appears to be intrinsically associated 
with the systemic blood pressure or perfusion pressure [7, 15, 23, 37, 41-43]. As 
such, differential pressure has gained favor in determining thresholds for compart- 
ment syndrome. Clinical evidence and experimental data have suggested that a pres- 
sure difference of <30 mm Hg between intracompartmental pressures and diastolic 
pressure prior to anesthesia application should be a safe threshold for fasciotomy 
[25, 44-46]. 

However, the utilization of single intracompartmental pressure measurements 
may lead to overtreatment and unnecessary fasciotomies. In the study by Prayson 
et al., 84% of patients had differential pressures of 30 mm Hg with no clinical evi- 
dence of compartment syndrome [47]; however, this sample was small with dispa- 
rate issues. In the study by Whitney et al., a consecutive cohort of 48 patients with 
tibia fractures and no clinical evidence of compartment syndrome at presentation 
found 35% of patients with differential pressures of 30 mm Hg [48], validating the 
general concern brought up by Prayson for a high false-positive rate with single 
pressure measurements. The Edinburgh protocol, which involved continuous pres- 
sure measurement and employing a A P of <30 mm Hg over a 2-hour period as the 
threshold for fasciotomy has been suggested as a means to reduce the time to fasci- 
otomy while not significantly raising fasciotomy rates [25]. However, while clinical 
data seems to indicate that no compartment syndrome will be missed using a A P of 
<30 mm Hg as a threshold, this does not necessarily mean that this value signifies 
the presence of compartment syndrome. 

Ultimately, current best practice includes high clinical suspicion and awareness. 
As polytrauma patients present unique challenges in the diagnosis of compartment 
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syndrome, it is imperative to recognize at-risk patient factors and to understand the 
clinical tools available in conjunction with one another to diagnose compartment 
syndrome but also to understand the limitations of our current diagnostic tools in 
polytrauma patients. As has been shown, the use of isolated clinical exams, labora- 
tory markers, and compartment pressure monitoring may all yield high false- 
positive results in polytrauma patients and perhaps lead to unnecessary fasciotomies. 
However, missed compartment syndrome is a potentially very serious situation. 
Hence, the diagnosis of compartment syndrome in polytrauma patients remains a 
difficult challenge. 


Limitations and Pitfalls 


With varying conscious states, limited participation in the clinical examination, and 
distracting injuries, polytrauma patients present a unique clinical challenge when 
diagnosing compartment syndrome. The drawback with using biologic markers and 
compartmental pressures with minimal clinical correlation is that these objective 
markers may be most useful in telling clinicians who does not need fasciotomy 
rather than who does. The inability to distinguish among traumatized limbs with 
true ischemic compartment syndrome in its early stages before tissue necrosis has 
occurred, those with impending compartment syndrome, and those with no com- 
partment syndrome are in large part responsible for the lack of consensus on how to 
manage at-risk patients. 

While some have advocated for continuous compartment pressure monitoring in 
the unalert, sedated, or intubated patient, continuous pressure monitoring remains 
controversial and infrequently used in North America. In the study by McQueen 
et al., the ability to close fasciotomy wounds at 48 hours was used as an indicator 
for unnecessary fasciotomy [49]. However, this remains a somewhat subjective and 
unvalidated way to determine if compartment syndrome was truly present. Most 
orthopedic trauma surgeons have experienced cases of complex fractures that are 
difficult to close but have no suspicion of compartment syndrome and evident com- 
partment syndrome that can be closed immediately if they were released early. 
Thus, the utility of this definition to define true compartment syndrome remains 
open. It additionally appears that the use of continuous pressure monitoring may 
lead to increased rates of fasciotomy [50]. However, in a patient with distracting 
injuries and other factors that obscure the clinical picture, this may be one of the 
most reliable tools in preventing late diagnosis of compartment syndrome. 
Unfortunately, the most reliable indicator of compartment syndrome remains 
unknown, and currently surgeons must balance for themselves the possible risk of 
overtreatment with unnecessary fasciotomy against the potential clinical and medi- 
colegal consequences of missed compartment syndrome. 

An important limitation that applies to all human research in the field of com- 
partment syndrome is the lack of a solid definition of compartment syndrome. The 
literature almost universally uses the performance of a fasciotomy as synonymous 
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with compartment syndrome which creates great potential for research error given 
the known disagreement between surgeons on which patients have compartment 
syndrome [51]. This limitation is rarely discussed but is a major flaw affecting all of 
the human work in this domain. 


Future Directions 


Future directions for the diagnosis of compartment syndrome in polytrauma patients 
have focused on clinical labs or new sensors to diagnose and prevent compartment 
syndrome. Multiple new techniques to diagnose compartment syndrome are cur- 
rently being developed and investigated in prospective trials [52]. 

One future avenue that has been explored was introduced by Odland et al. [53]. 
In this pilot study, a novel compartment monitoring system (CMS) catheter has two 
components: (1) one measures intramuscular pressure and (2) another removes 
excess tissue fluid. These catheters were inserted in the operating room after fixa- 
tion of isolated tibial shaft fractures treated with intramedullary fixation in ten 
patients. This was done in conjunction with conventional Stryker catheters con- 
nected to the Stryker Intra-Compartmental Pressure Measuring Device. 
Intramuscular and blood pressure readings were recorded hourly for all catheters 
over a 24-hour observation period. They concluded that in comparison to conven- 
tional Stryker catheters, the CMS catheters were safe, had reasonable agreement in 
intramuscular pressure values with a high degree of correlation (R? = 0.8), and 
allowed for early and sustained reduction of intramuscular pressure with an average 
ultrafiltrate removal of 1.9 +/— 0.2 mL (1.2-2.7 mL). Additionally, the ultrafiltrate 
that was removed was analyzed for LDH and CK levels and was found to have a 
positive correlation between intramuscular pressure and enzyme level and a nega- 
tive correlation between pulse pressure and enzyme level. Serum levels of CK and 
CK and LDH have been shown to be elevated but are not diagnostic for compart- 
ment syndrome [24, 25], and although low serum levels may mean no injury, low 
levels may also occur with severe injury and no perfusion. However, technology that 
will provide information about focal cellular metabolism or degree of cellular injury 
would be a significant advancement in the diagnosis and management of compart- 
ment syndrome. 

Biomechanical markers have additionally been explored as a means of diagnos- 
ing compartment syndrome. Glucose, lactate, and pyruvate levels can detect muscle 
ischemia in situations of arterial occlusion, venous hypertension, and hypoperfusion 
[54, 55], and tissue glucose concentration was shown to detect ischemia within 
15 minutes of vessel occlusion [56]. Glucose levels, as it relates to compartment 
syndrome, was studied in a canine model. In this study, interstitial glucose monitors 
were inserted into 12 canines, and acute compartment syndrome was created with 
mean compartment pressures of 74 mm Hg. Within 15 minutes of compartment 
syndrome, glucose concentration and oxygen tension were significantly decreased, 
and intramuscular glucose concentrations of less than 97 mg/dL was found to be 
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100% sensitive for the presence of compartment syndrome [57]. However, this has 
yet to be studied in traumatized human tissue, and the intramuscular component of 
the probe is too short to reach into a human tibial compartment. Nevertheless, this 
is one future direction that may allow for objective data to confirm the presence of 
compartment syndrome when clinical diagnosis is not possible. 

A noninvasive avenue that does not require an alert and conscious patient has 
focused on measuring tissue oxygenation with use of near-infrared spectroscopy to 
determine the presence of compartment syndrome. Near-infrared spectroscopy uti- 
lizes differential light absorption properties to solve for the concentrations of oxy- 
genated and deoxygenated hemoglobin through the use of the Beer—Lambert law 
[58—62]. Similar to conventional pulse oximetry, near-infrared spectroscopy utilizes 
light to solve for the percentage of oxygenated hemoglobin, although near-infrared 
spectroscopy can sample tissue as deep as 3 cm below the skin [58, 60, 63—66]. An 
initial animal study utilizing an infusion compartment syndrome model in pigs 
demonstrated an inverse relationship between near-infrared spectroscopy values 
and compartment syndrome [67]. In the study by Schuler et al. among 26 patients, 
six patients with unilateral tibial fractures in the absence of compartment syndrome 
had injured and uninjured limbs measured with near-infrared spectroscopy and 
compared these to uninjured control subjects. Results of this study showed a pre- 
dictable increase in oxygenation of injured limbs by 15.4% points compared to 
matched uninjured contralateral limbs, demonstrating the body’s increase in blood 
flow in response to injury [67]. In the subsequent study by Schuler et al., 14 patients 
enrolled after diagnosis of compartment syndrome both clinically and with intra- 
compartmental pressure measurements were evaluated with near-infrared spectros- 
copy. Near-infrared spectroscopy values decreased by an average of 10.1%, 10.1%, 
9.4%, and 16.3% in the anterior, lateral, deep posterior, and superficial posterior 
compartments, respectively. The authors postulated that these results suggest the 
clinician to be concerned about impaired blood flow to the injured limb should 
hyperemia in a patient with lower extremity trauma or fracture be absent [68]. Near- 
infrared spectroscopy could offer a means to evaluate the presence of absence of 
compartment syndrome in the intubated, unresponsive polytrauma patient. However, 
near-infrared spectroscopy values vary depending on skin pigmentation, and its 
applicability could be limited in patients with bilateral extremity injuries, and high- 
quality studies have recently been completed and await peer review publication to 
see if this technique is of clinical use [52]. 


Take-Home Message 

The diagnosis of compartment syndrome remains a particularly challenging 
clinical entity in polytrauma patients. It has been well established that 
prompt diagnosis and surgical management of compartment syndrome pro- 
vides the most optimal outcome for the patient. The diagnosis can become 
even more challenging in the polytrauma patient, where participation in the 
clinical examination can be limited due to altered consciousness, and 
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distracting injuries can complicate the clinical picture. Recognizing at-risk 
patients remains a critical first step. In particular, youth, especially between 
ages 12 and 29 years, appears to be a key factor for developing compartment 
syndrome, with tibia fractures being the most common precipitating injury. 
As regards injury, high-energy tibial plateau fractures with tibial anatomic 
axis deviation greater than 10% in comparison with the femoral anatomic 
axis, and ballistic injuries to the proximal tibia and fibula, remain high-risk 
fractures. Clinical markers including elevated lactate, large base deficits, 
elevated CK and LDH levels, and greater PRBC requirements should raise 
clinical suspicion in those patients unable to participate in the clinical exam- 
ination. Finally, the use of serial compartment measurements in conjunction 
with the aforementioned findings can be helpful in the timely diagnosis of 
compartment syndrome. Future work is investigating measures of oxygen 
levels, glucose, lactate, and other local measures within the limb, but these 
are not yet in widespread clinical use and await validation. The authors cur- 
rently advocate for the combined use of these clinical tools to diagnose 
compartment syndrome in the polytrauma patient, with the recognition that 
individual use of these tools can misdiagnose or overdiagnose compartment 
syndrome. 
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Chapter 15 A 
Unusual Presentation of Compartment chee 
Syndrome 


Ioannis V. Papachristos and Peter V. Giannoudis 


Background of the Problem 


e Compartment syndrome is a well-described clinical entity considered to be an 
orthopedic emergency affecting all ages. 

e Prompt recognition permits expedited treatment which is paramount for a good 
outcome. 

e The typical scenario for acute compartment syndrome (ACS) is lower limb frac- 
ture or crush injury. However, it has been shown that this is not always the case. 

e There is a big diversity of systemic diseases, which can rarely cause compart- 
ment syndrome. 

e Unusual anatomical locations, rare conditions, drug interactions, and their side 
effects as well as surgical procedures and rare fractures can also be associated 
with this syndrome. 

e In this chapter, we will outline and analyze the various unusual forms where 
compartment syndrome can be encountered. 


What Is Recommended 


e Physicians need to be extremely vigilant when dealing with patients who could 
suffer from compartment syndrome. 
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e Good knowledge of its pathophysiology will help the surgeon guide his thought 
toward the specific diagnosis even in unusual presentations escaping from this 
difficult clinical setting. 

e Awareness of unusual presentations, causes, or scenarios which can hide com- 
partment syndrome should be known. The scope of this chapter is to increase the 
awareness of these situations. 


Limitations and Pitfalls 


This study is a detailed outline and analysis of a variety of rare presentations of 
compartment syndrome. It is impossible to include all the possible eventualities 
where a compartment syndrome can occur. We performed an extensive review of the 
available literature, but we acknowledge that there may be limited cases or condi- 
tions we may not have mentioned. 


Future Directions 


Further research is needed regarding diagnostic measures of compartment syn- 
drome. More publications will give us further insight to this diverse problem. 


Introduction 


Compartment syndrome is characterized by an increase in pressure in a contained 
fibro-osseous compartment, such as the forearm or leg, resulting sequentially in 
decreased lymphatic and venous drainage, loss of arterial inflow, and subsequently 
diminishing of perfusion pressure. This leads to neuromuscular hypoxia and death 
of the contained structures. Established compartment syndrome if left untreated 
leads to contractures, sensory deficits, paralysis, permanent disability, amputation, 
and even death. In order to minimize morbidity and optimize treatment of a patient 
at risk for compartment syndrome, clinicians need a clear understanding of the 
pathophysiology, means (and problems) of diagnosis, and treatment of compart- 
ment syndrome. The typical scenario of compartment syndrome involves a young 
male with lower limb fracture or severe injury and presenting with tight leg com- 
partments and pain out of proportion which cannot be relieved by painkillers. 
However, there is a great diversity of unusual conditions, common systemic dis- 
eases, medications, procedures, and atypical circumstances, which can be compli- 
cated by compartment syndrome. 
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Unusual Conditions 


Exertional compartment syndrome is caused when strenuous exercise leads to 
swelling of the overexerted muscle in a closed compartment, resulting in increased 
tissue pressure. Wilson was the first to describe this uncommon type of compart- 
ment syndrome in 1912, and later Vogt in 1945 termed it as “march gangrene” [1]. 
Compartment syndrome after exercise can be divided in acute, acute-on-chronic or 
chronic, depending on the emergency or not of its presentation [2]. It was initially 
thought to affect only athletes, but Edmundsson et al. in 2007 reported that 36 out 
of 73 nonathletic referred patients suffering from exercise-induced pain were suffer- 
ing from chronic compartment syndrome [3]. Exertional compartment syndrome 
has been frequently reported in people who follow a sedentary way of life and 
enthusiastically participate in intense sports activities. 

Livingston et al. published this year a descriptive case series of seven young 
athletes suffering from acute exertional compartment syndrome (AECS) of lower 
leg [4]. In their retrospective study, they compared young athletes who suffered 
ACS after exertion with similar patients after a fracture. Diagnosis was set on aver- 
age after 97 hours from symptom onset, whereas for fracture group this was 19 hours 
and only one patient required release of four compartments. Five out of seven 
patients had full recovery, whereas the other two needed a form of ankle orthosis. 
They postulated that half of those with longer than 24 hours of symptoms suffered 
from substantial muscle necrosis and functional deficit at final follow-up. In con- 
trast, when the diagnosis of AECS was made in less than 24 hours of symptoms, 
there was no evidence of long-term sequelae. They also highlighted that patients 
with AECS were able to weightbear which complicates diagnosis as clinicians are 
trained to believe that pain from ACS precludes weightbearing. On their series, 86% 
exhibited neurologic deficit compared to 20% of fracture ACS, showing that neuro- 
logic damage is already present upon diagnosis. In AECS, anterior and lateral tibial 
compartments are mostly affected than the posterior compartments, and this phe- 
nomenon can be attributed to the fact that anterior tibialis and peroneus longus have 
higher percentage of fast-twitch fibers, making them prone to ischemia, whereas 
posterior compartment muscles have higher percentage of slow-twitch fibers, mak- 
ing them resistant to ischemia and suitable for endurance [5]. However, in 
Livingston’s series, despite the high average intracompartmental pressures mea- 
sured (91 mm Hg), there was no correlation between pressure and muscle damage, 
but a strong correlation of a time to diagnose more than 24 hours and myonecrosis 
is evident. This year, McKinney et al. reported a case of AECS affecting the anterior 
tibial compartment presenting with foot drop which was successfully treated with 
anterior lateral fasciotomies and rhabdomyolysis-supportive treatment, giving him 
full recovery apart from inability to extend of his hallux due to EHL necrosis [6]. 
Nicholson et al. reported AECS of the peroneal compartment on a 24-year-old 
healthy female after prolonged horse riding [7]. This was the first case related to a 
non-ground sporting activity. The patient presented with sensory deficit on the first 
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web space and dorsum of the foot, peroneal inability, and pain on anterolateral 
compartment, and this compartment was found to be necrotic during four- 
compartment fasciotomy. Common peroneal nerve, anterior tibialis muscle, and 
two other compartments were found healthy. Eventually, she made an excellent 
recovery, and authors postulated that this happened to her right leg due to the high 
boots and the leg position (knee flexed and dorsiflexed/inverted ankle) and not in the 
contralateral owing to a possible anatomical difference. Medial gastrocnemius tear 
was reported as a cause of AECS in a 55-year-old man who was running to catch a 
bus [8]. Four-compartment release showed the medial gastrocnemius tear 15 mm 
distal to the knee along with tear in peroneal artery and the resultant hematoma. 
Moreover, AECS can affect the upper limbs. In 2014, Bunting et al. reported bilat- 
eral supraspinatus AECS on a healthy 23-year-old male after strenuous weight lift- 
ing for an extended period [9]. Ultrasound-guided intracompartmental pressure 
measurements depicted pressures of 24 and 25 mmHg on the left and right trape- 
zius, respectively, as well as 56 and 85 mmHg for left and right supraspinatus, 
respectively. With normal pressures considered to be from 3 to 20 mmHg, the diag- 
nosis of bilateral supraspinatus AECS was set, and fasciotomies offered complete 
relief and excellent recovery. 

Chronic exertional compartment syndrome (CECS) represents the result of over- 
use injuries affecting the extremities. The leg is the most frequent anatomical site 
particularly in running athletes [10]. CECS represents the second most common 
cause of exertional leg pain after medial tibial stress syndrome with an incidence 
ranging from 27% to 33% [11]. It appears equally in men and women at an average 
age of 20 [12]. The most commonly affected compartments are the anterior and 
lateral compartments (or a combination thereof) with an incidence of up to 95% of 
all CECS [13]. Typically, patients present with symptoms after increased intensity 
and duration of workouts that abate with cessation of activity. Over time, the pain 
that is experienced during exercise may increase, and patients may experience 
greater limitations during the provoking activities. Since symptoms are alleviated at 
rest, the ailment can frequently go undiagnosed for a period of time, increasing the 
severity of the condition. CECS is a clinical diagnosis; however objective measure- 
ments of intracompartmental pressures aid in confirming the diagnosis [14]. During 
exertion, compartment pressures increase three or four times from the baseline and 
return to basal levels within a few minutes in normal patients, whereas in patients 
with CECS, pressures increase more strikingly and take longer to return to their 
baseline (over 10 minutes) [15]. Pedowitz et al. in 1990 published modified criteria 
for the diagnosis of CECS based on intracompartmental pressures as up to then 
there was no consensus in the literature [16]. The criteria were based upon the intra- 
muscular pressures recorded with the slit catheter before and after exercise in 210 
muscle compartments without CECS. In the presence of appropriate clinical find- 
ings, they stated one or more of the following intramuscular pressure criteria to be 
diagnostic of chronic compartment syndrome of the leg: (1) a pre-exercise pressure 
greater than or equal to 15 mm Hg, (2) a 1-minute post-exercise pressure of greater 
than or equal to 30 mm Hg, or (3) a 5-minute post-exercise pressure greater than or 
equal to 20 mm Hg. Application of these criteria should result in a less than 5% 
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incidence of false-positive diagnoses. The only significant clinical difference 
between the group of patients suffering from CECS and non-CECS ones was mus- 
cle hernia at an incidence of 45.9% versus 12.9%, respectively. However, in 2012 
Roberts et al. questioned the validity of these criteria [17]. They reviewed 38 studies 
from 1966 to 2010 and concluded that if clinicians carry out IMP testing, they 
should use a protocol with standardized catheter depth, exercise type, intensity and 
duration, footwear, and equipment. They argued that with the exception of relax- 
ation pressure, the criteria set by Pedowitz for diagnosing CECS, considered to be 
the gold standard, overlapped the range found in normal healthy subjects. Therefore, 
they concluded that maximum reported upper confidence limits for pre, during, 
relaxation, and post 1l- and 5-minute IMPs are 32 mmHg, 98 mmHg, 59 mmHg, 
69 mmHg, and 48 mmHg, respectively. Pressures above these maximum values 
could certainly be considered abnormal under any circumstance. Although guaran- 
teeing high specificity, the use of these values as cutoffs would likely have severe 
consequences on sensitivity. Therefore, they stated that mean upper confidence lim- 
its for the five time points are 14 mmHg (pre-exercise), 54 mmHg (during), 
18 mmHg (relaxation), 36 mmHg (post | minute), and 23 mmHg (post 5 minutes). 
Values more than these must always be combined with clinical evaluation to safely 
reach a diagnosis. Nonoperative treatment of CECS includes rest, removal from 
inciting activity, stretching, anti-inflammatories, correction of training errors, and 
orthotics. However, this treatment is rarely followed due to the intensity of symp- 
toms and also because patients cannot afford to abstain from their activities. Release 
of the anterior and lateral compartments has predicable success rates of roughly 
80%, while deep posterior releases may yield success rates of 50% [18]. Irion et al. 
on their case series of 13 elite-level young athletes reported an 84.6% rate of return 
to their prior-activity level after an average of 10.6 weeks following surgical fasci- 
ectomy for CECS [10]. Involvement of four compartments resulted in longer return 
to full sporting activities after release. In a review of 100 fasciotomies for CECS, 
Detmer reported a recurrence rate of 3.4% [19]. CECS affecting the forearm usually 
involves the flexor compartment because of the higher exertion applied on these 
muscles during sporting activity and often occurs in rowers, climbers, and gym- 
nasts. Open fasciotomies are considered the treatment of choice for forearm CECS, 
and these are the recommended ones. Nonetheless, endoscopic technique with sin- 
gle or multiple portals has also been described [20]. 

Neonatal form of compartment syndrome is rare and usually affects the forearm, 
wrist, and hand. The initial presentation is a superficial sentinel skin lesion or “suck- 
ing blister” at birth [21]. Several compression factors and neonatal conditions can 
induce neonatal compartment syndrome. Local mechanical causes include umbilical 
cord loops, fetal posture and oligoamnios, twin pregnancy, maternal uterine malfor- 
mation, and amniotic band constriction [22]. This mechanical compression can be 
accentuated by maternal and neonatal conditions such as respiratory distress, vascu- 
lar insufficiency, clotting disorders, and maternal diabetes [23]. It should be distin- 
guished from gangrene of the newborn (usually involves lower limbs) [24], from 
necrotizing fasciitis (fulminating course of sepsis and skin lesions), and from aplasia 
cutis congenital (congenital absence of skin; ulcers involving symmetrical scalp, 
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trunk, and extremities; and heal spontaneously) [25]. The time from birth to surgery 
is the main prognostic factor. Misdiagnosis may lead to muscular and neuronal isch- 
emia, with long-term devastating complications including Volkmann ischemic con- 
tracture and limb growth disturbances. Emergency surgery within hours of birth 
yields good results. Badawy et al. in their case report of neonatal compartment syn- 
drome with concomitant disseminated intravascular coagulopathy advised that the 
decision to perform fasciotomy in a neonate with suspected compartment syndrome 
should be based on a clinical diagnosis rather than compartment pressures [26]. 

Idiopathic spontaneous is the term for compartment syndrome that developed 
without any identified triggering factor. Matziolis et al. in 2012 reported the case 
of an otherwise healthy male treated with fasciotomies of the lower leg without 
any identifiable causative factor or underlying health abnormality on their exten- 
sive workout [27]. A similar case affecting the tibia was also reported by Grevitt 
et al. in 1991, but we must highlight that this subtype remains extremely rare in 
literature [28]. 

Other rare and atypical forms of compartment syndrome can be provoked by 
severe infection, and a characteristic form of that is the necrotizing fasciitis. The 
principles of treatment in such cases are the same with the additive effect of exten- 
sive antimicrobial treatment and extensive debridement of infected tissues. Apart 
from that, rare infections can cause the entity. Last year, Stull et al. reported the case 
of a 6-year-old man treated for compartment syndrome caused by Proteus-infected 
hematoma of the lower leg [29]. 

Vascular abnormalities such as arteriovenous malformations and fistulae can be 
the cause for hematoma formation and recurrent compartment syndrome. Such case 
was reported in the thigh of a 31-year-old fit and well male from Bournemouth who 
suffered ten times recurrent ACS of his thigh [30]. MR angiography at the last 
occurrence depicted abnormal vessels arising from profunda and superficial femoral 
arteries which have been embolized. This vascular abnormality was considered to 
arise from an old femoral fixation many years before, but the authors stated that 
formation during the previous fasciotomy procedures could not be excluded. 


Systemic Diseases 


Diabetes mellitus is considered one of the diseases making patients susceptible to 
developing compartment syndrome [31]. Non-enzymatic glycosylation makes dia- 
betic collagen stiff, and microvascular alterations lead to limited joint mobility, skin 
alterations, and cheiroarthropathy. As a result, fascias are less distensible in poten- 
tial elevation of compartmental pressures. Coley et al. in 1993 reported the case of 
a 44-year-old insulin-dependent diabetic woman with bilateral lower leg compart- 
ment syndrome treated effectively with fasciotomies [31]. They postulated that 
long-term diabetes is the cause for joint stiffness and microscopic collagen altera- 
tions. Lower and Kenzora in 1994 found that diabetic feet have elevated intramus- 
cular compartment pressures in relation to healthy controls [32]. This mechanism in 
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addition to diabetic collagen modulation could explain the cases of compartment 
syndrome reported in diabetic patients. Although it seems that long-lasting type I 
DM can be complicated by ACS, Flamini et al. in 2008 reported spontaneous com- 
partment syndrome following statin administration on an asymptomatic type II dia- 
betic patient [33]. They supported that administration of statins combined with type 
II DM activated a vicious circle of inflammation, edema, and necrosis. 

Hypothyroidism was reported as another cause of compartment syndrome in 
1993 by Thacker et al. [34]. They described bilateral lower leg ACS on a prior 
undiagnosed male with myxedema. In hypothyroidism, increased protein extrava- 
sation along with relatively slow lymphatic drainage leads to an increase in com- 
partment contents [35]. On the one hand, skeletal muscle hypertrophy occurs in 
1% of cases of myxoedematic myopathy [36] and is named as Hoffman’s syn- 
drome in adults and as Kocher Debre—Semelaigne syndrome in infants and chil- 
dren [37]. On the other hand, lack of thyroxine diminishes degradation of 
hyaluronate and along with TSH-derived stimulation of fibroblasts leads to 
increase in the connective tissues contents [38]. An increase in energy demand 
during mild exercise has been associated with increased risk of rhabdomyolysis in 
patients with uncontrolled hypothyroidism [39]. These systemic implications of 
hypothyroidism can explain the reported case of all-extremities compartment syn- 
drome reported in 2016 by Musielak et al. [40]. Hypothyroidism can cause dislip- 
idemia, which if treated with statins can both in combination cause rhabdomyolysis 
and concurrent ACS [41]. Therefore, in newly diagnosed dyslipidemia, screening 
for hypothyroidism is advocated because thyroid repletion alone can correct 
abnormal lipid profile and thus avoiding the risks of myopathy that statin therapy 
involves [42]. Primary hypothyroidism combined with adrenal insufficiency can 
cause rapid onset of rhabdomyolysis and myonecrosis, resulting in foot drop and 
poor prognosis despite treatment [43]. 

Hematological disorders or malignancies are known to involve or be the cause of 
compartment syndrome. Mostly in such cases, the underlying pathology is revealed 
from biopsies taken during fasciotomies for compartment syndromes of unknown 
origin. Non-Hodgkin lymphoma was found to infiltrate the muscles in the leg of an 
80-year-old woman causing compartment syndrome, and leukemic infiltrates caused 
compartment syndrome in a 20-year-old man [44, 45]. In such oncological cases, 
aggressive tissue debridement is advised to facilitate primary closure as adjuvant 
chemotherapy or radiation may complicate any open wounds [46]. Myeloid sar- 
coma without transformation to acute myeloid leukemia (AML) has been described 
as a cause of ACS affecting anterior tibialis [47]. Another cause for hematological- 
originated ACS apart from infiltration is the excessive bleeding. Chronic phase of 
myeloid leukemia (CML) as a myeloproliferative disorder with excessive platelet 
number was found to cause ACS through excessive bleeding which persisted after 
fasciotomies and seized only when their number was controlled with cytosuppresive 
treatment [48]. However, it must be noted that in chronic CML, platelet dysfunction 
is not always due to their number, and urgent hematological consult should be 
sought [49]. Atypical ACS on grounds of chronic CML has also been described in 
pediatric population [50]. 
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Clarkson reported in 1960 the first case of an otherwise fit and healthy 34-year- 
old Italian woman who exhibited unexplained cyclical episodes of edema and severe 
shock due to increase in capillary permeability which resulted in plasma shift from 
intravascular to the interstitial space [51]. Hemoconcentration was pronounced as 
red blood cells are large to be filtrated from the endothelium, and also low albumin 
was found. These episodes seemed to occur premenstrually, but hysterectomy and 
oophorectomy failed to solve the problem, and she died after a severe episode of 
shock. Autopsy did not shed light, and the only striking finding was monoclonal 
gammopathy. This rare entity was named systemic capillary leak syndrome (SCLS), 
and to date 500 cases have been described worldwide primarily in middle-aged 
adults [52]. It was also found to be associated with rhabdomyolysis and compart- 
ment syndrome [53]. Compartment syndrome of all four limbs has been described 
which was effectively treated by fasciotomies, but the syndrome itself has a poor 
prognosis and predisposition to multiple myeloma and leukemia [54]. SCLS pres- 
ents in three phases: prodromal, extravasation, and recovery [55]. In prodromal 
phase, symptoms include lethargy, vomiting, abdominal pain, and generalized 
weakness; in extravasation phase pleuric, pericardial, epiglottic, macular, and gen- 
eralized peripheral edema present along with shock; and in recovery phase, pulmo- 
nary edema can occur due to the mobilization of fluid to intravascular space. It is 
important not to overlook other usual cases of shock and allergies. The etiology of 
this syndrome remains unknown, no familiar distribution was found, and various 
treatments such as theophyllines, terbutaline, steroids, plasmapheresis and thalido- 
mide have been employed with variable success, leaving a mortality rate of 25-30%. 
In June of this year, the first metanalysis of published SCLS in childhood depicted 
24 relevant studies and showed that the syndrome also affects childhood and follows 
acute illness in 75% but not related to any monoclonal gammopathy [56]. 

Human immunodeficiency virus (HIV) infection can also rarely be complicated 
by compartment syndrome. The pathophysiology may vary: HIV-induced thrombo- 
cytopenia causing bleeding and myositis from antiretroviral treatment have been 
reported [57, 58]. A rare case of bilateral spontaneous lower leg compartment syn- 
drome was attributed to antiretroviral-induced myositis [59]. 

Moreover, compartment syndrome of the hand has been reported in a case of mul- 
tiple sclerosis possibly associated with the cutaneous changes of that syndrome [60]. 


Drugs 


Statins (hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors are 
widely prescribed to treat hyperlipidemia. Myogenic damage is known to be one of 
their side effects. Coadministration of simvastastion with risperidone (atypical neuro- 
leptic drug) has been reported as a cause of compartment syndrome [61]. It was postu- 
lated that risperidone may have diminished the metabolism of simvastatin via 
interactions with the cytochrome P450 (CYP) system, resulting in marked plasma 
elevation of simvastatin and consequent rhabdomyolysis and compartment syndrome. 
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Serotonin syndrome was also reported as a cause of compartment syndrome 
[62]. This syndrome involves encephalopathy, neuromuscular contractures, and clo- 
nus and autonomic hyperactivity. A 68-year-old woman was taking paroxetine (a 
selective serotonin reuptake inhibitor (SSRD) and risperidone and sustained a sero- 
tonin syndrome with consequent rhabdomyolysis and compartment syndrome of 
both legs. As a causative factor, the serotonin syndrome was suspected, but coad- 
ministration of risperidone may have played its role. Risperidone was also found to 
be the cause of bilateral tibial compartment syndrome in a 31-year-old man suffer- 
ing from schizophrenia after 1 and half hours of walking without any other predis- 
posing factors [63]. 

Lithium has also been reported as causing an atypical form of compartment syn- 
drome: atraumatic, painless, and affecting only one out of four tibial compartments 
[64]. It is considered as pain-perception altering with effect to pain receptors so 
patients appear obtunded. 


Unusual Anatomical Locations 


Gluteal compartment syndrome is rare. Gluteal compartments were described in 
the cadaveric study of David et al.: three compartments from lateral to medial 
with one enclosing tensor fascia lata, one gluteus medius plus minimus, and one 
containing gluteus maximus [65]. Sciatic nerve dysfunction is a common clinical 
finding in gluteal compartment syndrome despite the fact that sciatic nerve is 
enclosed within a separate compartment. Sciatic involvement is mostly attributed 
to external compression on its arterial supply, which most commonly arises from 
the medial circumflex femoral and inferior gluteal arteries. Out of the two branches 
of the sciatic nerve, the peroneal (fibular) is more susceptible to injury; thus, the 
patients may present with only isolated foot drop [66]. The nonspecific symptoms 
of buttock swelling and tenderness often lead to misdiagnosis such as pelvic or 
lower limb venous thrombosis, and the initiated antithrombotic treatment further 
aggravates any gluteal hematomas, resulting in even higher compartmental pres- 
sures [67]. Differentiation between gluteal compartment syndrome and thrombo- 
sis requires CPK measurement, intracompartmental pressure measurement, and 
imaging studies. No definition of the threshold of abnormal raised intracompart- 
mental pressure is needed to diagnose gluteal compartment syndrome. Normal 
values have been reported to be 13-14 mm Hg [68]. Emergent fasciotomies are 
considered the treatment of choice, and even in delayed presentation after 
56 hours, they provided a favorable outcome [69]. Therefore, Panagiotopoulos 
et al. on their case report with residual sciatic nerve palsy despite fasciotomies 
reported that nonoperative treatment should have limited place due to high risks 
and minimal benefits [66]. Kocher-Langenbeck approach is usually used for the 
gluteal fasciotomies. Henson et al. in 2009 published the first and only systematic 
review of gluteal compartment syndrome [70]. They reviewed seven papers (28 
cases) which were all retrospective case reports and summarized that the causes 
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of compartment syndrome affecting the gluteal region can be trauma, vascular 
injury or surgery, intramuscular drug abuse, altered level of consciousness from 
alcohol intake or drug overdose, prolonged immobilization, epidural anesthesia 
after joint arthroplasty, and infection. On their systematic review, half of the 
papers had prolonged immobilization as the leading cause. Diagnosis was based 
solely on clinical symptoms in 53.6%, and intracompartmental pressures greater 
than 30 mmHg were considered as definite indication for surgical treatment. 
Surgical fasciotomies were the preferred method of treatment in 71.4% of the 
cases, and only 12 out of 25 cases recovered fully. Therefore, authors highlighted 
that gluteal compartment syndrome implies a big cause of patient disability and 
that there is a lack of an adopted system of precise indications for surgery and of 
functional evaluation regardless of the way of treatment. Gluteal compartment 
syndrome has been reported as a complication after bone marrow biopsy from 
iliac crest to a patient who was anticoagulated [71]. The same complication was 
reported after posterior iliac crest marrow biopsy of a patient suffering from non- 
Hodgkin lymphoma; however, on this case, platelet number and clotting times 
were normal [72]. 

Compartment syndrome in lumbar region may be a cause of severe low back 
pain according to Peck in 1981 [73]. Lumbar paraspinal compartment syndrome 
was then officially described in 1985 by Carr in a young man with severe low back 
pain after exertion [74]. It seems that recently weight lifting including “CrossFit,” 
which have gained popularity, have accounted for many of such compartment 
cases reported. Paraspinal muscles are enclosed by the thoracolumbar fascia 
which behaves like a closed space with resting intracompartmental pressures 
varying from 3 to 7.95 mmHg, depending on the position and being elevated up to 
25 mmHg during exercise [75]. Patients present typically with severe low back 
pain, bilateral symptoms, swollen paraspinal muscles, pain in the hip flexion but 
not in straight leg raise, and absent bowel sounds due to ileus. Diagnostic modali- 
ties such as MRI or CT, though not used routinely in compartment syndrome of 
extremities, play a significant role in diagnosis of lumbar paraspinal compartment 
syndrome. Paramedian Wiltse incision rather than a midline is used as it allows 
for delayed soft tissue closure or grafting over a viable muscle bed [76]. After the 
release of the fascia, the relevant compartments of longissimus, iliocostalis, spi- 
nalis, and multifidus are approached. Alexander et al. this year published the first 
systematic review of acute paraspinal compartment syndrome [77]. They assessed 
21 retrospective case reports and found that the cause was mainly not related to 
direct trauma to spinal muscles but in 52 % of cases was related to weightlifting 
and the rest to other sport activities such as skiing or surfing and spinal surgery. 
Intracompartmental pressures were measured with patient prone and averaged to 
73.7 mmHg, much higher than other body locations. Fasciotomies were applied in 
twelve of the twenty-one case reports, where nine of them received medical treat- 
ment and two hyperbaric oxygen therapy. All cases treated surgically even with 
delays up to 7 days had a good outcome, whereas all conservative and hyperbaric 
oxygen cases had ongoing symptoms or functional deficit. Therefore, they 
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suggested that surgical decompression on confirmed diagnosis should be the treat- 
ment of choice regardless of the delay of diagnosis. Only one case of chronic 
lumbar paraspinal compartment syndrome is reported after weight lifting and was 
treated successfully with bilateral minimally invasive fasciotomies at L3 level 
under local anesthesia [78]. Fascia was found thickened, and samples confirmed 
the hyperplastic muscle fibers. The patient after 4 weeks returned to his weight 
lifting training for the 2008 Olympics without any residual symptoms. 

Other unusual anatomical locations which can be affected by compartment 
syndrome are the medial head of gastrocnemius (tennis leg) and peroneus lon- 
gus [79, 80]. 


Procedures 


Coronary artery bypass grafting can be complicated by leg compartment syn- 
drome [81]. The exact mechanism is unknown, although prolonged bypass time or 
saphenous vein harvesting on patients under statins has been implicated as risk 
factors. 

Total knee replacements in very rare occasions have been associated with com- 
partment syndrome of either the glutei, thigh, or tibia. As regards the tibia, this situ- 
ation cannot be explained as the replacement takes place in a different compartment 
[82]. However, tourniquet time, epidural anesthesia, continuous passive movement 
device, thromboprophylaxis, and aggressive physiotherapy have all been thought as 
contributing factors without a clear correlation being identified with the exception 
of the tourniquet time. Functional outcomes after fasciotomies remain moderate 
mainly due to periprosthetic infections. 

Postprocedural compartment syndrome resulting from placement of neuromoni- 
toring needles in forearm has also been described [83]. Patients undergoing such 
endovascular procedures are on antiplatelet treatment, and therefore at an increased 
risk of bleeding and elevated intracompartmental pressures. Prevention can be 
achieved by extra vigilance to avoid superficial veins and vertical insertion to the 
skin. 


Unusual Fractures 


Innocuous distal radius in elderly and low demand patients have been reported to be 
complicated by compartment syndrome. This was an extremely rare manifestation 
unable to be explained by fracture displacement, mechanism, and severity of injury 
or any other factors. In one case, amputation of digits was performed despite initial 
fasciotomy [84]. Chloros et al. in their paper highlighted the significance of the 
pronator quadratus space and its potential role [85]. 
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Take-Home Message 

e Compartment syndrome can present atypically and in variable context. 
Raised awareness on a suspected case can prove limb/lifesaving. 

e Systemic diseases, drugs, rare body locations, unusual conditions and frac- 
tures, and common surgical procedures can all be associated with this 
syndrome. 

e Symptoms do not differ from a usual acute compartment syndrome. 

e Measurement of intracompartmental pressures should not delay treatment 
in highly suspicious cases with clear clinical symptoms. 

e Irrespective of the cause, condition, or location, surgical fasciotomies of 
involved compartments remain the treatment of choice as per acute com- 
partment syndrome (ACS). 

e Due to their atypical manifestation, delays in treatment can commonly 
appear unfavoring its final prognosis. 
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Chapter 16 A 
Common Misperceptions Among chee 
Health-Care Professionals 


Joshua A. Parry 


Background to the Problem 


e Misperceptions regarding the causes, presentation, and diagnosis of acute com- 
partment syndrome (ACS) can lead to a delay in its diagnosis and treatment that 
negatively impact patient outcomes. 

e The misperceptions, low incidence, and numerous causes of acute compartment 
syndrome result in a low level of awareness among health-care professionals. 

e There is controversy surrounding the best method to diagnose acute compart- 
ment syndrome. 

e A high degree of suspicion among health-care professionals is necessary to pre- 
vent a delay in the diagnosis of acute compartment syndrome. 


What Is Recommended 


Misperceptions regarding the causes, presentation, and diagnosis of acute compart- 
ment syndrome (ACS) can lead to a delay in its diagnosis and treatment that nega- 
tively impact patient outcomes. Health-care professionals should be properly 
educated on ACS to dispel these misperceptions in order to prevent the devastating 
consequences of a missed compartment syndrome. 


Misperception #1: Open fractures do not develop acute compartment 
syndrome 

Up to 70% of ACS occurs in the presence of fractures, most commonly the tibial 
shaft (36%) and the distal radius (10%) [1]. Open fractures present with a defect in 
the fascial compartments and might intuitively thought to be at a lower risk of ACS 
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Fig. 16.1 Photograph of a 
patient presenting with a 
grossly open femur 
fracture who subsequently 
developed acute 
compartment syndrome. 
Large open wounds do not 
preclude the development 
of acute compartment 
syndrome 


(Fig. 16.1). However, the incidence of ACS in open tibial shaft fractures has not 
been shown to differ from that of closed fractures, ranging from 5% to 9%, with all 
four compartments of the leg being susceptible to ACS [2—4]. Providers must con- 
tinue to monitor these patients for the signs and symptoms of ACS in the setting of 
open fracture. 


Misperception #2: A diagnosis of acute compartment syndrome is unlikely if 
there is no fracture 

Around 30% of all ACS presents without an associated fracture [5]. When ACS 
presents without a fracture, a delayed diagnosis is more likely [1, 5]. Hope et al. [5] 
found a significantly longer delay to fasciotomy for ACS without fracture (34 versus 
21 hours) along with a higher incidence of muscle necrosis at the time of fasciotomy 
(21% vs 8%) suggesting that this delay was detrimental to the patient. 
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There are numerous causes of ACS that do not involve fracture, including both 
traumatic and nontraumatic causes [6, 7]. Traumatic causes include injuries that 
crush, burn, penetrate, or compress. Even minor trauma can result in ACS in patients 
with bleeding disorders or anticoagulation medication. Nontraumatic causes 
include, but are not limited to, ischemia—reperfusion injuries, bleeding diatheses, 
intravenous (IV) extravasation, IV drug abuse, envenomation, nephrotic syndrome, 
and infection. The extensive list of potential causes means that ACS can present to 
health-care professionals over a wide range of specialties making it necessary for all 
providers to understand the presentation and diagnosis of ACS in order to prevent a 
delay in its treatment. 


Misperception #3: The five “Ps” of acute compartment syndrome: Pain, 
pallor, pulselessness, parasthesias, and paralysis 

It is important to consider ACS in the setting of any painful and tense muscle com- 
partment. It has been classically taught that the clinical exam findings of ACS pres- 
ent as the “5 Ps” (pain, pallor, pulselessness, paresthesias, and paralysis) [3, 6, 7]. 
However, these findings represent arterial insufficiency and typically present in the 
late stages of compartment syndrome [6, 8, 9]. Instead, the “5 Ps” of ACS have been 
recommended by one author to be changed to pain, pain, pain, pain, and more pain; 
specifically, pain with passive stretch of the muscle compartment, pain out of pro- 
portion to that of the injury, and pain that is unresponsive to adequate analgesia [6]. 
Despite this recommendation, the sensitivity of pain is still low [9]. An analysis of 
four prospective trials involving the lower extremity determined that pain, pain with 
passive stretch, and paresthesias on exam had a sensitivity of 13—19% and a speci- 
ficity of 97-98%, suggesting that the absence of these symptoms was better at 
excluding the diagnosis than ruling it in [9]. The presence of multiple clinical find- 
ings does increase the probability, with the likelihood of ACS increasing from 25%, 
to 68%, and to 98% with one, two, and three findings, respectively. Additionally, the 
ability of physicians to discern critically high intracompartmental pressure from 
baseline levels via palpation of muscle compartments has been shown to be poor 
and should not be relied on [10]. 


Misperception #4: A one-time elevated intracompartmental pressure 
measurement is diagnostic of acute compartment syndrome 

There is no clear validated criteria for when ACS is actually present [7]. There is 
controversy surrounding the appropriate method to diagnose ACS. Classically, ACS 
has been diagnosed by the clinical exam of an awake and alert patient, while ICP 
monitoring is reserved for those with unreliable clinical exams. This is reflected in 
a recent survey of orthopedic traumatologists that demonstrated a strong consensus 
that the diagnosis of ACS should be made clinically based on the presence of a tense 
muscle compartment, pain with passive stretch, and pain out of proportion to the 
injury [11]. There was also a strong consensus that ICP monitoring should be used 
when the clinical exam was unreliable such as in children, multiply injured, or 
obtunded patients. In contrast, the routine use ICP monitoring in awake and alert 
patients was only supported by 18% of the respondents. While the clinical exam 
may be the standard for diagnosing ACS for many, the poor sensitivity of these 
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findings has led some authors to recommend for routine ICP monitoring in at-risk 
patients [1, 7, 12]. Mcqueen et al. [13] were able to correctly identify all cases of 
ACS in a prospective cohort using a perfusion differential threshold of less than 
30 mmHg between the diastolic blood pressure and the ICP. While this method is 
highly sensitive resulting in very few missed cases of ACS, other authors argue that 
ICP monitoring is not only costly and burdensome for the hospital staff but also 
nonspecific, leading to gross overtreatment [14, 15]. This appears to be especially 
true if one-time ICP measurements are used to make the diagnosis [14—16]. Whitney 
et al. [14] performed one-time ICP measurements in tibial shaft fractures with no 
exam findings of ACS and found that 35% of patients had perfusion differential 
<30 mmHg demonstrating that the use of this threshold would have led to a high 
rate of unnecessary fasciotomies in this population. In contrast to one-time ICP 
measurements, Mcqueen et al. [12] reviewed 850 tibial shaft fractures that under- 
went routine continuous ICP monitoring and found that a mean perfusion differen- 
tial threshold of less than 30 mmHg for two consecutive hours had excellent 
sensitivity and specificity, 94% and 98%, respectively, for diagnosing ACS, making 
a strong argument for the use of routine continuous ICP monitoring in at-risk 
patients. 


Limitations and Pitfalls 


The misperceptions of ACS can ultimately result in a delayed or missed diagnosis, 
both of which can be devastating for patients. The timely and accurate diagnosis of 
ACS remains challenging due to the multitude of insults that can cause it, the incon- 
sistent exam findings, and its presence in patients who cannot reliably communi- 
cate. These difficulties make a delayed diagnosis of ACS nearly inevitable. 
Physicians, advanced practitioners, and nurses must be appropriately educated to 
dispel the abovementioned misperceptions in order to have the appropriate level of 
suspicion necessary to detect and treat ACS in a timely manner. Whether using 
clinical exam findings, ICP monitoring, or both to diagnose ACS, it is important to 
understand that ACS is a disease process that develops over time making serial 
examinations or continuous ICP monitoring a necessity. 


Future Directions 


Continued education and institutional protocols are potential tools for correcting the 
misperceptions of ACS. In an effort to improve the early identification of ACS at 
one academic hospital, Schaffzin et al. [17] implemented a series of changes with 
the goal of increasing the number of at-risk patients that received appropriate orders 
for, performance of, and documentation of serial neurovascular examinations. These 
institutional changes included provider and nursing reminders, modifications to 
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electronic medical record order sets, mandatory education, and formal lectures. The 
use of chart inserts and checklists have also been used to help increase the identifi- 
cation and monitoring of at-risk patients for ACS [18]. 

The implementation of educational programs, order sets, and checklists may be 
able to better identify and monitor patients at risk of ACS; however, additional 
research is still necessary to develop clear and validated criteria for when ACS is 
actually present. Advanced diagnostic tests for the identification of ACS have been 
investigated extensively, including biomarkers for muscle damage and ischemia, 
magnetic resonance imaging, ultrasound, scintigraphy, laser Doppler flowmetry, 
near-infrared spectroscopy, and direct hardness measurements, but none of these 
tests have demonstrated superiority to the clinical exam and ICP monitoring [3, 7]. 
Schimdt et al. [19] performed a multicenter prospective trial that combined continu- 
ous ICP monitoring, near-infrared spectroscopy muscle oxygenation, clinical exam 
findings, and 6-month outcome scores in order to develop a predictive model for 
ACS. The application of this predictive model to future prospective studies has the 
potential to develop a more reliable diagnostic criteria for ACS. 


Take-Home Message 

e Acute compartment syndrome should be considered in at-risk patients pre- 
senting with a tense painful muscle compartment. 

e Open fractures are still at risk of developing acute compartment 
syndrome. 

e Acute compartment syndrome presenting without a fracture is more likely 
to have a delayed diagnosis. 

e Pain is the only reliable early clinical finding, while pallor, pulselessness, 
paresthesias, and paralysis present later. 

e Reliance on one-time intracompartmental pressure monitoring will result 
in a high rate of unnecessary fasciotomies. 

e Continuous intracompartmental pressure monitoring is the most sensitive 
and specific test for acute compartment syndrome. 

e Educational programs, order sets, checklists, and improved diagnostic 
techniques are potential tools to dispel the misperceptions of acute com- 
partment syndrome and to prevent a delayed diagnosis. 
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Chapter 17 A 
Novel Modalities to Diagnose and Prevent gee 
Compartment Syndrome 


Andrew H. Schmidt 


Background 


Acute compartment syndrome (ACS) of an extremity following trauma remains a 
diagnostic and therapeutic enigma. This phenomenon is because the clinical signs 
and symptoms of ACS are variable and nonspecific, and there are multiple causes of 
ACS after trauma (Table 17.1). Furthermore, the pathophysiology of ACS is poorly 
understood, which leads to confusion regarding the ideal diagnostic strategy. For 
decades now, ACS has been considered to be a pressure-related pathophysiologic 


Table 17.1 Causes ofacute Causes of acute compartment syndrome after trauma 


Compartment syridrome 1. Accumulation of mass within the muscle compartment 


Bleeding 


Edema 


Tissue injury caused by direct trauma 


Inflammation and/or toxins 


Postischemic reperfusion 
Insertion of internal fixation hardware 


2. Reduction of compartment volume 


External compression from bandages, splints, casts 


Changes in the limb length related to fracture treatment 


External fixation 


Traction 


Internal fixation 
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process, with diagnostic recommendations largely based on pressure thresholds — 
either the absolute intracompartment pressure (ICP) or some measure of the perfu- 
sion pressure (defined as the difference between ICP and the patient’s blood 
pressure). However, defining a single pressure threshold that accurately defines 
when fasciotomy is needed has not proven possible, and multiple studies suggest 
that clinical use of such thresholds leads to overtreatment [1-3]. 

Current treatment of ACS is surgical fasciotomy, which if not performed before 
the onset of cellular necrosis results in intractable pain, muscle fibrosis and contrac- 
ture, and sensory deficits. Fasciotomy restores perfusion by increasing compart- 
ment volume so that the ICP falls, allowing tissue perfusion to be restored in viable 
vascular beds. This benefit is consistent with the traditional view of ACS as a “pres- 
sure problem.” However, it is more appropriate to consider ACS as a metabolic 
problem, and both diagnostic and therapeutic strategies aimed at assessing cellular 
viability and reversing metabolic abnormalities may not only make our diagnosis of 
ACS more precise but also provide opportunities for less invasive ways to prevent 
ACS and mitigate the sequelae of ACS when it does occur. 


New Concepts in ACS Pathophysiology 


Compartment syndrome has been considered to be the result of tissue ischemia 
caused by decreased perfusion of the limb from elevated ICP, which may occur 
from any one of the several mechanisms: arterial spasm, collapse of arterioles, or 
collapse of the venous system. However, a recent series of publications by research- 
ers in London, Ontario, Canada, has shown that ACS is accompanied by both a local 
and a systemic inflammatory response that may play a significant role in the patho- 
genesis of ACS and the resultant tissue damage [4—9]. This knowledge “opens the 
door” to using inflammatory mediators as potential biomarkers for understanding 
the progression or resolution of ACS and anti-inflammatory therapies as either pri- 
mary or adjunctive medical therapy for ACS. 

In a series of animal studies [4—9], the relationship between elevated ICP and the 
inflammatory response on skeletal muscle microcirculation and cell viability was 
measured in rats using intravital videomicroscopy. In one study, the level of tissue 
injury in an experimental compartment syndrome was compared between normal 
rats and those with neutropenia induced by injection of high-dose cyclophospha- 
mide [5]. Muscle cellular injury was reduced more than 50% in neutropenic com- 
pared to healthy rats. Furthermore, the control rats had higher tissue injury 
(23.0% + 4.0% of cells) compared to the neutropenic group (7.0% + 1.0% of cells) 
after 90 minutes of elevated ICP (p = 0.00005) [5]. 

In a second study using a similar experimental model, local and systemic cyto- 
kine activation was measured and showed that animals with ACS have a systemic 
inflammatory response in addition to the local injury [4]. Remote organ damage was 
measured in the liver using intravital videomicroscopy techniques. Leukocyte acti- 
vation, increased serum TNF-a levels, and necrotic hepatocytes were noted after 
2 hours of ACS, all indicating systemic effects from ACS induced in one limb. 
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These same researchers have also demonstrated that attenuation of the inflamma- 
tory response may be beneficial in cases of ACS. Manjoo et al. [9] studied the effect 
of indomethacin on the level of tissue injury measured in rats with induced eleva- 
tions in ICP for 45 or 90 minutes. Tissue injury was reduced almost to baseline 
levels in rats that were pretreated with indomethacin; a smaller benefit was noted 
when indomethacin administration was delayed [9]. In another study using the same 
model, treatment with a different anti-inflammatory molecule (CO-releasing mole- 
cule 3) led to statistically significant improvement in the number of continuously 
perfused capillaries, resulted in decreased tissue injury, reversed the ACS-associated 
increase in TNF- «, and reduced leukocyte adherence [6]. 

This series of papers indicate that ACS is accompanied by a substantial inflam- 
matory response in the involved limb that also affects other organ systems. This 
information suggests that mitigation of the tissue injury caused by ACS may be 
possible by decreasing inflammation. Further work to determine the benefits of 
inflammatory modulation in a larger animal model is necessary, followed by clinical 
research in humans. The ideal therapeutic agent, mode of delivery, and timing are 
all unknown questions at this time. 


New Diagnostic Modalities 


The traditional diagnosis of ACS has been based on the clinical examination, sup- 
plemented when needed by intracompartment pressure measurement. Newer diag- 
nostic approaches to ACS include near-infrared spectroscopy (NIRS), biomarker 
analysis, and radiofrequency identification (RFID) implants. These new approaches 
are discussed in the following paragraphs. 


NIRS 


In the context of measuring tissue perfusion in possible cases of ACS, NIRS uses 
differential light reflection and absorption to estimate the proportion of hemoglobin 
saturated with oxygen approximately 2—3 cm below the surface of the skin [10-14]. 
The depth of tissue interrogation is determined by the distance between the light 
source and the receptor. 

The potential use of NIRS to diagnose ACS is supported by preclinical studies. In 
1999, Garr et al. induced compartment syndrome in anesthetized pigs and showed 
that NIRS was a better predictor of neuromuscular dysfunction than compartment 
perfusion pressure [10]. However, its clinical use has shown mixed success. A case 
report published in 2011 outlined the benefits of using NIRS in three cases of lower 
extremity ACS [13]. NIRS differentiated between adequately perfused lateral com- 
partments and poorly perfused deep posterior compartments of one patient with 
ACS. In another unresponsive patient diagnosed with ACS on clinical means, NIRS 
was able to detect perfusion deficits. In a third patient, NIRS demonstrated changes 
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in muscle perfusion due to anesthetic induction within seconds [13]. However, also in 
2011, Bariteau et al. described seven patients with a clinical diagnosis of ACS who 
had oxyhemoglobin saturation (rSO,) and ICP values measured in each compartment 
of the affected lower extremity before undergoing fasciotomy. No statistically signifi- 
cant association was observed between rSO, and ICP or perfusion pressure [11]. 

Many questions remain about the clinical use of NIRS in traumatized limbs for 
diagnosing ACS, such as the ideal penetration depth, the effect of skin pigmentation 
and subcutaneous fat, the effect of skin abrasion or degloving, and subcutaneous or 
intramuscular bleeding. It has been demonstrated that injured limbs have a hyper- 
emic response to injury, resulting in increased rSO, values [14]. 

One large theoretic advantage of NIRS is its potential ability to demonstrate 
changes in tissue perfusion corresponding with the onset of ACS. However, continu- 
ous NIRS has not been as well studied. Two recent papers have reported on continu- 
ous NIRS in a clinical setting. Shuler et al. [15] reported on 109 patients who had 
NIRS recording of the tissue perfusion in all four leg compartments of both legs 
(anterior, lateral, superficial posterior, and deep posterior): 86 had unilateral leg 
injuries while 23 did not. Mean NIRS values were between 72% and 78% in injured 
legs, between 69% and 72% in uninjured legs, and between 71% and 73% in bilater- 
ally uninjured legs. NIRS values were typically >3% higher in injured limbs with- 
out ACS than in uninjured compartments. In contrast, all seven limbs with clinically 
diagnosed ACS had at least one compartment where NIRS values were 3% or more 
below an uninjured control compartment [15]. 

One problem with NIRS that may be even more of an issue when using NIRS in a 
continuous manner is the reliability of data capture. Shuler et al. noted that “Missing 
data were encountered in many instances” [15]. Schmidt et al. [16] used blinded con- 
tinuous NIRS and blinded continuous ICP monitoring in 191 patients with leg injuries 
[16]. Data capture was unreliable with NIRS, with simultaneous data available from 
both injured and control limbs just 9% of the expected time, comparted to 88% of the 
expected time with continuous ICP [16]. At this time, it is not clear whether these data- 
capture issues with NIRS represent clinically immature technology that needs further 
development for this purpose or represent fundamental problems using NIRS to mea- 
sure soft tissue oxygenation when that same tissue has had traumatic injury [16]. 


Biomarkers 


Markers of muscle injury or metabolic disturbances such as acidosis may be mea- 
sured systemically or locally. 

Odland et al. have applied tissue ultrafiltration (TUF) catheters to the problem of 
diagnosing and treating acute compartment syndrome [17, 18]. TUF uses small 
diameter, flexible, hollow fiber catheters connected to suction in order to remove 
interstitial fluid, which may contain biomarkers of injury and contribute volume to 
the muscle compartment. The possible therapeutic benefits of TUF are discussed 
later in this chapter. In their study, serum and ultrafiltrate levels of creatine kinase 
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and lactate dehydrogenase were measured hourly. The study demonstrated that bio- 
marker concentrations were up to 80-fold higher in ultrafiltrate than in serum. 

A promising metabolic marker for ACS is tissue pH, as measured by intracom- 
partment probes. Basic science studies done at the University of Aberdeen in Scotland 
have revealed a correlation between local pH and depletion of high-energy phosphate 
stores [personal communication, Alan Johnstone 2018]. These same researchers have 
demonstrated that in a small study continuous pH measurement may be better than 
continuous pressure measurement at diagnosing ACS [19]. Further research is ongo- 
ing that should better define the role of pH monitoring on this setting. 


RFID Chips in Diagnosing Compartment Syndrome 


Current methods of diagnosing ACS rely on catheters or sensors that must remain 
attached to the patient and are therefore subject to inadvertent removal or may inter- 
fere with aspects of patient care, such as transportation, imaging, splinting, or the 
performance of surgical procedures. An “always-on” device that can be applied in a 
minimally or noninvasive manner and that does not interfere with transportation or 
other care of the patient would be a significant advance. New sensor technology that 
utilizes radiofrequency electromagnetic fields (radiofrequency ID tags or RFIDs) to 
transfer data exists and is beginning to be used for monitoring physiological sys- 
tems [20]. Such devices do require a battery and are powered externally by the very 
fields used to read their data. RFID pressure sensors have been developed and used 
for compartment monitoring [20]. 


Potential Therapeutic Advances in Treating ACS 


In at-risk or early phases of compartment syndrome, before tissue necrosis has 
started to occur, other means of improving tissue perfusion and oxygenation may 
exist. One method would be to increase the tolerance of the muscle to ischemia. 
Other areas of theoretical interest include methods to decrease intramuscular pres- 
sure (tissue ultrafiltration, foot pumps, mannitol, and diuretics), improving tissue 
oxygenation, mitigating the effects of ischemia (free-radical scavengers and other 
pharmacologic measures), and small-volume resuscitation with hypertonic saline. 


Tissue Ultrafiltration 


Compartment syndrome is associated with accumulation of mass within a muscle 
compartment of relatively fixed volume, which is what results in the progressive 
increase in intramuscular pressure, which eventually sets in motion the vascular 
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embarrassment and associated metabolic changes that result in tissue death. By 
removing even small amounts of fluid, loss of the associated fluid mass within the 
compartment may decrease compartment pressures. In an animal study, the poten- 
tial benefits of tissue ultrafiltration (TUF) were demonstrated [18]. A bilateral infu- 
sion model of compartment syndrome in the pig hindlimb was used; each animal 
had one control limb and one treatment limb. Muscle pressure was measured with 
an indwelling catheter. Three TUF catheters were inserted into the anterior compart- 
ment of each limb. The catheters in the treatment limb were connected to negative 
pressure suction. The ICP pressure was lower in the treated limbs, and the muscle 
histology was more normal in the treated limbs compared to the control legs [18]. 
This study was followed up with clinical research on TUF in a small human trial. A 
pilot study demonstrated the feasibility of TUF in ten patients with tibial shaft frac- 
tures treated with nailing [17]. A small-randomized clinical trial of TUF versus 
pressure monitoring alone was also performed [21]. Fourteen patients were random- 
ized to two groups: one used TUF plus monitoring while the other was monitored 
alone. Anterior and deep posterior pressures were measured for 24 hours in all 
patients. Outcome measures between the two catheters were compared using T-tests. 
The mean intramuscular pressure was smaller than in the control group in both the 
anterior and posterior compartments. Because of insufficient power, these differ- 
ences were not statistically significant. Interestingly, two patients in the control 
catheter group developed compartment syndrome — 8 and 16 hours after the initial 
surgery and catheter insertion. No compartment syndromes were diagnosed in the 
treatment group. 


Hypothermia 


Tissue cooling has been used to improve tissue viability in transplant and replant 
surgery and is of known value in treating soft tissue injury. Sanders and colleagues, 
using a well-developed rat model (as described in the “New Concepts in ACS 
Pathophysiology” section of this chapter), showed that hypothermia to 25 °C 
reduced tissue damage score by 50% and also seemed to attenuate the inflammatory 
response [22]. Although this information is interesting, at this time the role of 
induced hypothermia for treating ACS in humans is not defined. 


Conclusion 


New concepts and ideas about the pathophysiology of ACS show promise at devel- 
oping more physiologic, targeted treatments. These developments include modula- 
tion of the inflammatory response and new diagnostic modalities. Moreover, these 
advancements all address the current shortcomings in the diagnostic armamentar- 
ium that trauma surgeons can use, and which should lead to more precise methods 
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to diagnose ACS and less invasive ways to prevent and treat it. Many of the 
approaches discussed in this chapter may be used simultaneously, and a multimo- 
dality approach to diagnosis and therapy, for example, using tissue ultrafiltration, 
intermittent plantar compression, small-volume resuscitation, and pharmacologic 
therapy, may someday be able to supplant fasciotomy for many patients. 
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